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Abstract 

A  heterogeneous  assemblage  of  eugeosynclinal  rocks  found  on  the  San  Francisco 
peninsula  has  long  been  variously  referred  to  as  the  Franciscan  Series,  Franciscan  Group, 
or  Franciscan  Formation,  and  other  rocks  throughout  the  Coast  Ranges  have  been 
correlated  with  these  on  the  basis  of  lithologic  similarity.  The  predominant  rock  is 
graywacke,  but  shale,  altered  mafic  volcanic  rock  (greenstone),  chert,  and  minor  lime- 
stone are  a  part  of  the  assemblage.  Also  included  ore  mefamorphic  rocks  of  the  zeolite, 
blueschist  (glaucophane  schist),  and  eclogite  facies.  Ultramaflc  rocks,  largely  serpen- 
tinites,  are  an  integral  part  of  this  eugeosynclinal  assemblage,  but  they  ore  excluded 
from  the  Franciscan  Formation  as  they  intrude  most  of  the  other  rocks  in  it.  This 
assemblage  of  rocks  was  deposited  in  one  or  more  deep  marine  troughs,  probably  on 
a   basaltic  substratum   or   peridotite. 

This  eugeosynclinal  assemblage  underlies  a  major  part  of  western  California  and  is 
prominently  exposed  in  the  Coast  Ranges.  Its  known  area  of  outcrop  is  15,000  square 
miles,  and  its  total  terrestrial  and  offshore  extent  may  be  75,000  square  miles.  Its  total 
thickness  cannot  be  determined  by  normal  stratigraphic  methods,  but  is  probably  more 
than  50,000  feet. 

The  assemblage  of  rocks  grouped  together  as  the  Franciscan  ranges  in  age  from  at 
least  Late  Jurassic  to  Late  Cretaceous,  but  rocks  deposited  during  the  entire  age  span 
generally  ore  not  present  in  any  one  area.  Although  some  discrete  areas  of  older  or 
younger  Franciscan  rocks  are  recognized,  the  data  available  now  allow  us  to  describe 
the  characteristics  of  each  prominent  kind  of  rock  only  in  general  terms  applicable  to 
the  entire  assemblage.  Thus,  although  some  rocks,  for  example  the  greenstones,  may 
be  consistently  different  in  the  older  and  younger  parts  of  the  Franciscan,  we  are  not 
yet  able  to  discern  this,  and  we  must,  therefore,  describe  the  variations  without  attaching 
age  significance  to  them. 

The  graywacke  is  dominontly  medium  grained  and  typically  is  interbedded  with 
minor  shale  and  rarer  conglomerate.  Bedding  is  irregular,  and  the  thickness  of  individual 
beds  ranges  from  less  than  on  inch  to  many  tens  of  feet.  Current  features  and  graded 
beds  are  rare.  Most  of  these  sedimentary  rocks  have  more  than  10  percent  matrix, 
consisting  of  chlorite  and  mica,  and  varieties  classed  as  arkosic,  feldspothic,  and  lithic 
graywacke  are  all  widespread.  Angular  monomineralic  grains  are  predominantly 
feldspar  and  quartz;  the  quartz/feldspar  ratio,  although  widely  variable,  averages 
slightly  less  than  1/1.  Sodic  plagioclase  is  the  dominant  feldspar,  and  over  extensive 
areas  plagioclase  is  the  only  feldspar  present.  In  some  areas,  however,  K-feldspar  is 
common  and  may  exceed  15  percent  locally.  Lithic  fragments  may  comprise  over  half 
the  rock;  generally  they  are  greenstone  and  chert,  but  may  be  shale  or  schist.  Cement 
is  normally  a  fine-grained  paste  of  micaceous  minerals  and  rock  flour,  but  uncommonly 
is  calcite  or  silica.  The  predominant  chemical  characteristics  of  the  graywacke  are: 
K20/NaoO<l,  FejO:i/FeO<l,  and  combined  water  (HjO  +  )>  2  percent.  The  physical 
features  indicate  rapid  deposition  of  unsorted  material,  presumably  by  turbidity  or  fluxo- 
turbidity  currents.  The  mineralogic  and  chemical  features  indicate  derivation  of  the  non- 
K-feldspar-bearing  portion  from  a  metamorphic  terrane,  and  the  K-feldspor-bearing 
portion  from  a  granitic  and   metamorphic  terrane,  with   minimal   chemical   weathering. 
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The  shale  and  siltsfone  accompanying  graywacke  are 
dark  gray  to  black  in  color,  and  are  essentially  micro- 
graywacke  with  only  a  small  amount  of  clay  minerals.  Like 
the  graywacke,  they  have  a  K-jO/Na-^O  ratio  close  to  1 
and  a  fe-^O./f^eO  ratio  appreciably  less  than  1. 

Conglomerate,  although  minor,  is  widespread  as  small 
lenses.  Nearly  all  varieties  include  pebbles  and  cobbles  of 
extraformational  origin,  but  south  of  Sebastopol  most  con- 
glomerates contain  abundant  pebbles  of  possible  intrafor- 
mational  origin,  as  well  as  occasional  pebbles  of  granite. 
Glaucophane  schist  pebbles  ore  rare  and  are  regarded 
as  evidence  of  intraformational   origin. 

Limestone,  largely  of  chemical  origin,  occurs  sporadically 
along  a  narrow  belt  extending  from  near  Gilroy  to  Garber- 
ville.  It  is  economically  important  as  a  source  rock  for 
cement  and  geologically  important  as  the  source  of  diag- 
nostic fossils.  A  variety  colored  red  by  goethite  is  associated 
with  volcanic  rocks  and  was  precipitated  in  deep  water 
through  heating  and  agitation  by  submarine  eruptions.  A 
thicker  white  variety  is  also  associated  with  volcanic  rocks, 
and  locally  contains  abundant  pellets,  ooliths,  and  fossil 
detritus  that  suggest  a  shallower  environment. 

Altered  mafic  volcanic  rocks,  termed  greenstones,  com- 
prise about  a  tenth  of  the  assemblage  and  are  widespread. 
Most  consist  of  pillows,  tuffs,  or  breccias  resulting  from 
submarine  eruptions,  but  some  massive  units  may  be  intru- 
sive. The  volcanic  accumulations  range  in  size  from  a  few 
feet  to  many  thousands  of  feet  in  thickness  and  20  miles 
in  extent.  Plagioclase  and  augite  are  the  chief  minerals, 
and  olivine  is  rare.  Altered  mafic  glass  is  a  nearly  ubiqui- 
tous component.  Plagioclase  ranges  from  bytownite  or 
labrodorite  to  albite,-  pyroxenes  are  augite,  subcalcic 
augite,  pigeonite,  or  titanaugite.  Some  pillow  lavas  con- 
tain pumpellyite.  The  least  hydrous  massive  varieties,  which 
are  the  least  altered,  are  chemically  similar  to  tholeiitic 
basalt,  but  with  soda  intermediate  between  spilite  and 
tholeiite.  However,  most  greenstones  are  abnormally  hy- 
drous, and  their  composition  has  been  altered  through 
reaction  with  sea  water.  As  pillows  and  matrices  provide 
samples  of  a  single  magma  that  have  had  different  oppor- 
tunities for  sea  water  reaction,  analyses  of  the  core,  rim, 
and  matrix  for  two  pillows  were  obtained.  If  magnesia  is 
regarded  as  a  constant,  these  analyses  show  from  the 
center  outward  large  losses  in  silica,  alumina,  lime,  and 
soda,  and  smaller  losses  of  iron;  only  potash  was  enriched 
in  the  shell  or  matrix.  Pillow  structure  probably  resjli 
from  jet  eruptions  beneath  the  ocean,  with  the  pillcAs 
forming  by  solidification  of  a  shell  around  large  drops  of 
magma  that  result  from  the  breaking  up  of  the  >t  of 
magma.  The  concentration  of  soda  in  the  core  and  ■  >tc.sh 
in  the  rim  may  be  due  to  reciprocal  alkali  transfer  resulting 
from  unusually  steep  thermal  gradients  caused  by  marginal 
cooling.  After  accumulation  on  the  sea  floor,  reheatinc,  of 
the  chilled  borders  of  the  pillows,  due  to  equalization  of 
heat  in  the  pile  of  pillows,  gives  rise  to  characteristic 
plumose  and  variolitic  textures  by  promoting  crystalli  ation 
in  the  glass. 

Keratophyre,  or  quartz-keratophyre,  occurs  in  several 
areas  mapped  as  Franciscan.  However,  because  they  every- 
where occur  either  as  intrusions  into  Franciscan  rocks  or 
along  tectonic  zones  between  Franciscan  and  younger 
rocks,  their  inclusion  as  a  part  of  the  Franciscan  may  not 
be  warranted. 


Chert  and  a  distinctive  shale  occurring  with  it  are 
quantitatively  minor;  however,  as  they  are  believed  to  be 
chemical  precipitates  formed  by  the  reaction  of  magma 
and  sea  water  under  considerable  hydrostatic  pressure, 
they  are  important  as  indicators  of  the  oceanic  depth  in 
which  part  of  the  Franciscan  was  deposited.  Rhythmically 
interlayered  red  or  green  chert  and  shale  form  lenses  less 
than  50  feet  thick  and  less  than  a  mile  in  extent,  generally 
with  and  above  greenstones.  The  thin  beds  of  chert  within 
each  chert-shale  lens  are  discontinuous  and  terminate 
abruptly;  they  have  a  fairly  constant  thickness  of  an  inch 
or  two  regardless  of  their  position  in  the  lenses.  Individual 
beds  of  chert  or  colored  shale  are  not  interdigitated  with 
Franciscan  graywacke  or  the  black  shale  that  accompanies 
it.  The  chert  consists  of  quartz  or  chalcedonic  quartz 
colored  by  goethite  or  hematite  and  contains  no  clastic 
grains  of  quartz  or  feldspar.  Radiolaria  may  be  abundant 
or  virtually  absent.  The  silica  content  ranges  from  93  to  97 
percent,  and  the  impurities  are  alumina  or  ferric  iron, 
representing  an  admixture  of  the  material  of  the  shale 
parting  layers.  These  layers  consist  of  goethite,  or  locally 
hematite,  mica,  and  quartz,  but  shreds  of  volcanic  glass 
may  also  be  present.  The  shale  accompanying  chert  differs 
from  the  normal  Franciscan  black  shale  in  having  a 
K-O/NaiiO  ratio  of  about  10  instead  of  1,  and  both  more 
iron  and  a  larger  Fe-0:;/FeO  ratio.  It  differs  from  deep 
sea  "red  clay"  in  that  the  K^O/NojO  ratio  is  much  larger. 
The  association  of  chert-shale  lenses  with  greenstone 
suggests  a  genetic  relation.  The  lenses  may  represent  silica, 
alumina,  and  iron  released  by  submarine  volcanic  rocks  at 
the  time  of  volcanic  eruption,  the  eruption  occurring  at  a 
depth  great  enough  for  sea  water  at  the  reactive  interface 
to  be  heated  to  a  temperature  of  about  350  C  without 
boiling.  At  this  temperature  and  at  a  pressure  equal  to  that 
of  oceanic  depths  of  13,000  feet,  water  can  dissolve  over 
1,000  ppm  of  silica.  Such  heated,  silica-enriched  water 
would  rise,  be  cooled,  and  quickly  become  oversaturated 
with  respect  to  silica.  Silica  would  then  be  polymerized  and 
precipitated  as  a  gel,  apparently  along  with  aluminum 
and  ferrous  hydroxide,  and  it  would  rain  down  onto  the 
sea  floor  forming  a  moss  of  impure  silica  gel.  Subsequently, 
by  a  process  of  diffusion  and  crystallization,  layers  that 
superficially  resemble  normal  sedimentary  beds  would  form. 
Similar  though  smaller  layers  were  formed  experimentally 
by  Davis  using  sodium  silicate  and  powdered  Franciscan 
shale.  This  postulated  origin  for  the  chert-shale  lenses 
seems  to  be  the  only  one  compatible  with  all  their  unusual 
structural  and  chemical  features,  and  it  implies  that  deposi- 
tion of  some  Franciscan  rocks  must  hove  been  at  a  depth 
nearly  equivalent  to  or  greater  than  the  average  of  the 
Pacific  Ocean. 
'  Ultramafic  rock,  chiefly  serpentinite,  constitutes  a  wide- 
spread part  of  the  eugeosynclinal  assemblage,  and  it  is  of 
economic  importance  as  the  host  rock  for  deposits  of 
chromite,  magnesite,  and  asbestos,  and  for  many  mercury 
deposits;  but  this  rock  also  causes  serious  engineering 
problems  because  some  kinds  of  it  are  weak  and  subject 
to  sliding.  Most  masses  are  tabular  parallel  to  the  general 
bedding  of  the  rocks  they  intrude,  though  this  does  not 
imply  intrusion  when  the  beds  were  horizontal.  The  largest 
sill-like  mass  is  70  miles  long  and  has  on  outcrop  width  of 
several  miles;  it  generally  separates  Franciscan  rocks  in  the 
northern  Coast  Ranges  from  miogeosynclinal  rocks  of  the 
Great  Valley.   The   highly   sheared   condition    and    lock    of 
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peripheral  metamorphism  suggests  that  the  sills  were  em- 
placed  as  serpentine,  rather  than  as  ultramafic  magma. 
Several  pluglike  masses  also  intrude  the  Franciscan  rocks 
and  these  differ  from  the  tabular  masses  in  being  less  ser- 
pentinized  and  by  including  considerable  dunite  in  contrast 
to  a  preponderance  of  peridotite  in  the  tabular  masses. 
Chemical  analyses  of  fresh  and  serpentinized  ultramafic 
rocks,  and  of  chromite  from  them,  indicate  they  belong  to 
the  alpine  type.  —- 

The  assemblage  of  Franciscan  rocks,  though  dominantly 
unmetamorphosed,  includes  metamorphic  rocks  of  the  zeo- 
lite, blueschist,  and  eclogite  facias,  and  rarer  rocks  altered 
by  metasomatism.  Laumontite  is  the  typical  new  mineral  in 
zeolite  facies  rocks.  Glaucophane,  lawsonite,  jadeite,  stil- 
pnomelane,  pumpellyite,  aragonite,  and  other  minerals  less 
diagnostic  of  the  metamorphic  environment  occur  in  the 
blueschists.  In  spite  of  the  prevalence  of  Na-minerals,  most 
blueschists  are  neither  soda-rich  nor  enriched  in  soda.  The 
blueschists  have  three  principal  modes  of  occurrence.  In 
one  mode  metamorphic  rocks  with  either  glaucophane  or 
jadeite  occur  in  small  isolated  patches  within,  and  grade 
into,  unaltered  graywacke,  shale,  or  greenstone.  Some  of 
these  metamorphosed  rocks  are  in  contact  with  serpentine, 
but  many  others  are  not.  In  a  second  mode  of  occurrence, 
clearly  unrelated  to  serpentine,  similar  metamorphic  rocks 
occupy  areas  that  are  several  miles  wide  and  tens  of  miles 
long,  locally  indicating  a  limited  form  of  regional  or  load 
metamorphism.  The  third  mode  of  occurrence,  which  is  both 
the  most  curious  and  widespread,  is  as  isolated  rounded 
masses  of  schist  ranging  from  a  few  feet  to  a  few  hundred 
feet  in  diameter  and  generally  surrounded  by  nonmeta- 
morphosed  rock.  Although  all  the  kinds  of  metamorphic 
rocks  occur  as  isolated  masses,  the  most  common  are 
eclogites  and  glaucophane-eclogites,  which  are  known  only 
in  this  latter  type  of  occurrence.  Such  blocks  occur  in  ser- 
pentine, in  shear  zones,  and  amid  unaltered  Franciscan 
rocks;  they  probably  are  tectonic  inclusions. 

Considerations  of  the  probable  pressure-temperature 
field  of  formation  of  the  blueschists  indicate  that  pressures 
were  abnormally  high  (>5Kb)  relative  to  the  temperature 
(<300  C).  If  the  metamorphism  of  the  broader  areas  is 
due  to  load,  the  rocks  must  have  reached  a  depth  of  about 
70,000  feet,  through  downwarping  and  accumulation,  so 
rapidly  that  a  normal  thermal  gradient  was  not  established. 
In  addition  they  must  have  been  uplifted  soon  after  their 
depression  and  metamorphism,  so  as  to  prohibit  the  estab- 
lishment of  a  normal  thermal  gradient  that  would  have 
raised  the  temperature  sufficiently  to  convert  the  blue- 
schists to  greenschist  or  a  higher  grade  facies. 

Fossils  are  rare  in  rocks  of  Franciscan  lithology,  but  at 
least  25  localities  have  yielded  fossils  diagnostic  of  age. 
These  indicate  a  span  in  age  from  Late  Jurassic  (Tithonian) 
to  at  least  Late  Cretaceous  (Turonian).  Most  of  the  older 
fossils  are  from  rocks  east  of  the  Hayword  fault,  or  an 
extension  of  this  fault  drawn  from  Berkeley  to  Eureka,  and 
all  of  the  Late  Cretaceous  fossils  are  from  areas  west  of 
this  line. 

The  fossil  evidence  indicates  the  Franciscan  rocks  are,  at 
least  in  part,  age  equivalents  of  a  better  known  miogeo- 
synclinal  assemblage  which  we  refer  to  as  the  Great  Valley 
sequence  as  it  is  best  exposed  on  the  west  edge  of  the 
valley,  although  it  also  extends  farther  west  into  the  Coast 
Ranges.  The  Great  Valley  sequence,  which  is  at  least 
40,000  feet  thick,  includes  units  known  as  Knoxville  (Upper 


Jurassic),  Paskenta  and  Horsetown  (Lower  Cretaceous),  and 
Chico  (Upper  Cretaceous),  and  many  other  names  have 
been  applied  locally.  The  miogeosynclinal  Great  Valley 
sequence  differs  from  the  eugeosynclinal  Franciscan  by 
having:  no  greenstone  or  chert,  except  in  its  basal  part; 
a  higher  proportion  of  mudstone  and  shale;  more  uniform 
and  thinly  bedded  sandstone  beds;  a  greater  percentage 
of  conglomerate;  many  more  fossils;  and  much  less  struc- 
tural deformity. 

The  K-feldspar  content  of  graywacke  of  both  the  Fran- 
ciscan and  Great  Valley  assemblages  was  studied.  The 
median  K-feldspar  content  of  units  of  the  Great  Valley 
sequence  is:  Upper  Jurassic  (Knoxville),  0.5  percent;  Lower 
Cretaceous,  1.1  percent;  and  Upper  Cretaceous,  13  per- 
cent. The  median  values  for  different  areas  of  Franciscan 
rocks  are:  east  of  the  San  Andreas  and  Hoyward  (ex- 
tended) faults,  0  percent;  Bay  area,  west  of  the  Hayward 
fault  and  north  to  Cozadero,  0  percent;  coastal  belt,  west 
of  the  extended  Hayward  fault  and  north  of  Cozadero, 
4.5  percent;  and  west  of  the  Nocimiento  fault,  nearly  0  per- 
cent but  with  many  more  high  values  than  for  the  first  'iwo 
areas  listed. 

The  increase  of  K-feldspar  with  decrease  in  age  reflects 
progressive  unroofing  of  the  Late  Jurassic  to  mid-Creta- 
ceous Klamath  Mountain  and  Sierra  Nevada  batholiths  in 
the  major  source  area,  and  thus  the  content  of  K-feldspar 
provides  an  indication  of  approximate  age.  However,  be- 
cause of  the  possibility  of  other  sources  for  the  sediments, 
the  absence  of  K-feldspar  is  not  an  infallible  indication  of 
a  pre-Lote  Jurassic  age  in  the  Coast  Range  rocks. 

The  specific  gravity  of  the  Franciscan  graywacke  differs 
from  that  of  the  units  of  the  Great  Valley  sequence.  The 
median  values  for  these  units  are:  Upper  Jurassic  (Knox- 
ville), 2.59;  Lower  Cretaceous,  2.57;  and  Upper  Cretaceous, 
2.55.  The  median  values  for  different  areas  of  Franciscan 
rocks  are:  east  of  the  San  Andreas  fault  and  the  Hayward 
fault  (extended),  2.65;  Bay  area,  west  of  the  Hayward 
fault  and  north  to  Cozadero,  2.65;  coastal  belt,  west  of 
the  extended  Hayward  fault  and  north  of  Cozadero,  2.60; 
and  west  of  the  Nocimiento  fault,  2.62.  Values  greater 
than  2.68  were  obtained  only  in  Franciscan  rocks,  and 
values  greater  than  2.70  were  obtained  only  from  groy- 
wackes  that  were  found  to  be  metamorphosed. 

The  Franciscan  rocks  east  of  the  Son  Andreas  and  Hoy- 
word  (extended)  faults  ore  known  from  fossils  to  include 
rocks  equivalent  in  age  to  the  Knoxville  Formation 
(Tithonian)  and  lower  Cretaceous  strata  of  the  Great 
Valley,  but  they  also  probably  include  pre-Knoxville  rocks 
of  post-Galice  or  Mariposa  (Kimmeridgian)  age.  This  is 
indicated  by  the  structural  position  of  the  Franciscan  be- 
neath the  Knoxville.  Also  the  Franciscan  unit  is  likely  to 
represent  the  large  amount  of  debris  stripped  from  the 
Klamath  Mountains  and  Sierra  Nevada  during  the  earliest 
port  of  the  Nevadan  orogeny.  The  Franciscan  rocks  be- 
tween the  Son  Andreas  and  Hayward  faults  in  the  Bay 
area  are  of  Cretaceous  age,  and  their  low  content  of 
K-feldspar  suggests  they  were  derived  dominantly  from 
pre-existing  Franciscan  rocks. 

The  basement  for  the  Franciscan  is  not  exposed,  but  as 
the  inclusions  brought  up  in  the  ultramafic  masses  are  all 
Franciscan  rock  types,  the  Franciscan  probably  was  de- 
posited directly  on  a  basaltic  crust  or  on  peridotite.  The 
problem  of  the  basement  of  the  Franciscan  has  not  been 
clarified  by  geophysical  work. 
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Although  the  Franciscan  is  pervasively  deformed  by 
folds  and  faults,  the  structures  within  it  cannot  generally 
be  ascertained  because  of  its  persistent  heterogeneity  and 
lack  of  key  beds.  Most  folds  trend  northv^est,  but  arcuate 
map  patterns  around  plunging  folds  are  rarely  obtained, 
probably  because  of  widespread  faulting  along,  and  par- 
allel to,  the  axial  parts  of  the  folds.  The  major  faults, 
which  have  a  similar  trend,  are  shear  zones  that  in  places 
are  as  much  as  a  mile  wide.  These  contain  large  blocks  of 
more  resistant  Franciscan  rocks  in  a  sheared  matrix,  and 
include  tectonic  inclusions  of  schist  and  sheared  masses  of 
serpentine.  Because  of  their  physical  properties,  the  recog- 
nition of  shear  zones  is  of  utmost  importance  in  planning 
for  construction   projects. 

The  larger  structural  features  of  the  Coast  Ranges,  which 
determine  the  distribution  of  the  major  lithic  units,  include 
other  rocks  in  addition  to  the  Franciscan  Formation  and, 
consequently,  ore  better  known  than  structures  within  the 
Franciscan.  Two  types  of  structural  terranes  are  recognized: 
one  has  a  crystalline  basement  like  the  metamorphic  and 
plutonic  rocks  of  the  Klamath  Mountains  and  Sierra  Ne- 
vada; the  other,  which  includes  all  the  Franciscan  rocks, 
rests  on  a  basement  that  is  unknown  but  that  probably  is 
basaltic  substratum  or  peridotite.  On  the  crystalline  base- 
ment the  sedimentary  strata  are  relatively  thin,  broadly 
folded,  and  cut  by  few  faults;  on  the  other  basement  the 
sedimentary  rocks  are  thick,  more  highly  deformed,  and 
more  faulted.  The  terranes  with  these  two  different  base- 
ments are,  so  far  as  known,  separated  by  major  faults. 

The  fault  that  separates  the  Franciscan  rocks  of  the 
northern  Coast  Ranges  from  the  crystalline  rocks  of  the 
Klamath  Mountains  and  Sierra  Nevada  extends  south  from 
the  Oregon  border  to  the  northern  end  of  the  serpentine 
mass  that  lies  between  the  Franciscan  rocks  and  the  mio- 
geosynclinal  rocks  of  the  Great  Valley.  South  of  this  point 
the  separation  between  the  crystalline  basement  and  un- 
known basement  continues,  beneath  the  miogeosynclinol 
cover,  along  the  great  magnetic  high  that  trends  the  length 
of  the  Great  Valley. 

The  western  limit  of  this  area  of  rocks  with  unknown 
basement  is  the  San  Andreas  fault,  which  trends  northward 
through  the  Coast  Ranges  and  joins  the  Mendocino  Escarp- 
ment fault  zone.  V/est  of  the  San  Andreas  fault  zone  is  a 


crystalline  block  with  granitic  plutons  and  with  no  known 
sedimentary  strata  of  Late  Jurassic  to  Late  Cretaceous 
(pre-Campanian)  age.  This  block,  which  is  only  40  miles 
wide  but  300  miles  long,  is  bounded  on  the  west  by  the 
Nacimiento  fault.  To  the  west  of  the  Nocimiento  fault  is 
another  terrone  of  rocks  with  unknown  basement  in  which 
the  eugeosynclinal  Franciscan  rocks  are  largely  covered 
by  younger  rocks  or  by  the  Pacific  Ocean. 

0*her  major  structures  pertinent  to  an  understanding  of 
the  distribution  of  the  Franciscan  rocks  ore  within  the 
terrone  lying  east  of  the  San  Andreas  fault.  The  Hayword 
fault,  which  diverges  eastward  from  the  San  Andreas  fault, 
is  more  important  than  has  hitherto  been  recognized.  In  a 
general  way,  it  divides  the  Franciscan  into  two  ports,  with 
the  Franciscan  rocks  to  the  east  being  Late  Jurassic  to  Early 
Cretaceous  in  age  and  those  to  the  west  being  younger 
and  including  rocks  that  are  Late  Cretaceous  in  age.  Also, 
it  sharply  separates  Late  Cretaceous  Franciscan  rocks  on 
the  west  from  Late  Cretaceous  strata  of  the  Great  Valley 
sequence  on  the  east. 

East  of  the  Hoyward  fault  the  rocks  appear  to  be 
broadly  arched  to  form  the  Diablo  antiform.  In  the  Diablo 
Range  the  axial  portion  of  the  antiform  is  unmistakable, 
as  it  is  the  site  of  several  piercements;  north  of  Son  Fran- 
cisco Bay  the  antiform  is  less  well  defined,  and  north  of 
Clear  Lake  its  position  is  uncertain. 

The  recognition  of:  (1)  the  post-Knoxville  age  for  part 
of  the  Franciscan  rocks,  (2)  the  Late  Cretaceous  age  for 
the  granite  between  the  San  Andreas  and  Nacimiento 
faults,  and  (3)  the  significance  of  the  K-feldspor  content  in 
the  graywackes,  clearly  defines  many  problems  pertaining 
to  the  distribution  of  the  Franciscan  rocks  and  coeval  strata 
of  the  Great  Valley  sequence.  Previous  considerations  of 
Franciscan  rocks  grading  upward  to  Knoxville  rocks  or 
grading  laterally  into  Knoxville  or  other  strata  of  the  Great 
Valley  sequence  must  be  modified,  and  apparently  the 
modification  must  include  major  tectonic  dislocation.  Sev- 
eral mechanisms  that  might  account  for  the  major  disloca- 
tions are  large  strike-slip  movement,  rifting  and  westward 
drifting  of  the  entire  Coast  Ranges,  and  thrust  faulting  or 
gravity  sliding.  However,  none  of  the  mechanisms  discussed 
will  alone  completely  explain  the  data  now  available, 
although  some  combination  of  these  dislocations  may  pro- 
vide a   satisfactory  solution. 
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A  heterogeneous  assemblage  of  gra\wacke,  shale, 
altered  volcanic  rocks,  chert,  limestone,  and  peculiar 
metamorphic  rocks  found  on  the  San  Francisco  penin- 
sula has  long  been  variously  referred  to  as  the  Fran- 
ciscan Series,  Franciscan  Group,  or  Franciscan  For- 
mation. Although  no  specific  type  locality  has  been 
designated,  the  San  Francisco  peninsula  has  been  gen- 
erall\-  accepted  as  the  type  area.  Rocks  of  similar 
lithology  which  form  the  "basement"  for  much  of 
the  California  Coast  Ranges  from  the  Oregon  border 
southward  to  near  Santa  Barbara  also  have  been  gen- 
erally designated  as  belonging  to  the  Franciscan  For- 
mation, on  the  basis  of  gross  similarity  in  lithology 
with  the  rocks  of  the  San  Francisco  peninsula  (pi.  1). 
Metamorphic  rocks  exposed  still  farther  south,  in  the 
Palos  Verdes  Hills  and  on  Santa  Catalina  Island,  have 
also  been  correlated  with  the  type  area  and  regarded 
as  metamorphic  equivalents  of  the  Franciscan,  though 
they  have  been  named  the  Catalina  Schist. 

Throughout  the  entire  extent  of  the  Franciscan  few 
fossils  have  been  found,  and  since  neither  the  strati- 
graphic  base  nor  top  of  the  unit  has  been  recognized, 
the  age  of  the  rocks  has  long  been  a  matter  of  con- 
troversy. On  the  basis  of  broad  regional  relations  to 
other  major  lithologic  units,  the  Franciscan  for  many 
years  was  regarded  as  probably  of  post-Paleozoic  and 
pre-Late  Jurassic  (Knoxville)  age.  Later  work  by  Oil- 
ier (1907),  Louderback  ( 1905),  and  Taliaferro  (1942), 
established  that  the  Franciscan  is  probably  younger 
than  the  Galice  and  Mariposa  Formations  of  Kimme- 
ridgian  age,  and  Taliaferro  (1943)  suggested  that  the 
upper  part  of  the  Franciscan  is,  in  part,  equivalent  to 
and  gradational  into  the  lower  beds  of  the  Knoxville. 
In  recent  years,  fossils  of  Early  and  Late  Cretaceous 
ages  have  been  found  in  several  areas  in  rocks  referred 
to  as  Franciscan,  and  it  has  become  apparent  that  the 
term  "Franciscan"  has  been  applied  to  rocks  of  widely 
different  ages  whose  deposition  was  not  necessarily 
continuous  nor  confined  to  one  depositional  trough 
(fig.  1).  Thus  "Franciscan"  is  not  being  used  by 
-most  geologists  as  a  group  or  formational  designation 
in  the  accepted  meanings  of  these  terms;  instead,  it  is 
being  used  to  designate  a  particular  lithologic  assem- 
blage, in  much  the  same  connotation  as  the  European 
term  "Flysch."  We  believe  that  most  useful  termi- 
nology would  be  to  refer  to  all  these  eugeosynclinal 
rocks  informally  as  the  "Franciscan  assemblage,"  re- 
serving the  term  "Franciscan  Formation"  for  the  rocks 
at  the  t\pe  locality  and  any  others  that  can  be  posi- 
tively correlated  with  them.  This  assemblage  would 
include  rocks  that  are  "representative  of  a  particular 
sedimentary  and  tectonic  environment"  (Silberling 
and  Roberts,  1963,  p.  6).  As  "assemblage"  used  in  this 
sense  is  conceptual  and  interpretive  it  cannot  be  mis- 
construed to  be  a  rock-stratigraphic  term,  like  forma- 
tion or  group;  however,  the  Stratigraphic  Code  makes 
no  provision  for  this  kind  of  terminology.  Because  of 


this  \\c  do  not  herein  use  "Franciscan  assemblage," 
but  we  have  tried  to  restrict  our  use  of  Franciscan 
Formation  to  apply  only  to  the  rocks  of  the  type 
localit\-  and  others  that  are  clearly  correlative  with 
them. 

As  typically  developed,  the  assemblage  of  rocks 
generally  referred  to  as  Franciscan  by  California  geol- 
ogists comprises  thick  graywackc  sequences  containing 
minor  interbeds  of  dark  shale,  interla>'crcd  mafic  vol- 
canic rocks  of  submarine  extrusive  origin,  chert  that 
is  closely  related  to  the  extrusives,  limestone  that  is 
chiefly  a  chemical  precipitate,  and  unusual  metamor- 
phic rocks  containing  minerals  such  as  glaucophane, 
jadeite,  lawsonite,  pumpellyite,  and  stilpnomelane.  In 
addition,  ultramafic  rocks,  largely  serpentinites,  are 
an  integral  part  of  the  eugeosynclinal  assemblage,  al- 
though geologists  have  generally  excluded  them  from 
the  Franciscan  Formation  because  the  ultramafic  rocks 
are  intrusive. 

The  Franciscan  has  other  unusual  aspects  in  addi- 
tion to  the  character  of  its  rocks.  Its  base  has  not  been 
observed,  and  what  lies  beneath  it  is  unknown.  Like- 
wise, the  upper  limit  has  not  been  precisely  defined. 


Figure  1  (below).  Generalized  correlation  chart 
showing  age  relations  between  Franciscan  rocks.  Great 
Valley  sequence,  and  Galice  and  Mariposa  Forma- 
tions, and  granitic  rocks  of  the  Klamath  Mountains, 
Sierra    Nevada,   and   Santa    Lucia    Range. 


Gal  ice  Formation  in 

Klamath  Mountains,  and 

Mariposa  Formation    in 

Sierra  Nevada 
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Locally  Franciscan  rocks  appear  to  be  overlain  by  non- 
Franciscan  rocks  of  Late  Jurassic  age,  but  in  other 
areas  the  Franciscan  is  clearly  of  Late  Cretaceous  age. 
Within  the  Franciscan,  correlation  of  isolated  out- 
crops cannot  be  made,  because  distinctive  sequences 
or  key  beds,  with  the  probable  exception  of  rare  fo- 
raminiferal  limestones,  have  not  been  recognized. 
Structures  are  generally  so  complex  and  fossils  so  rare 
that  the  stratigraphic  succession  of  the  whole  assem- 
blage has  not  been  established.  Better  understanding 
of  the  Franciscan  is  also  prevented  bv  the  lack  of 
adequate  geologic  mapping,  as  perhaps  only  one-tenth 
of  the  thousands  of  square  miles  of  outcrop  area  has 
been  mapped  adequately  at  scales  of  1:62,500  or  larger 
(see  fig.  2). 

The  Franciscan  rocks  are  bordered  on  the  east, 
along  the  western  edge  of  the  Great  Valley,  by  an 
enormously  thick  sequence  of  coeval  clastic  rocks 
ranging  in  age  from  Late  Jurassic  to  Late  Cretaceous 
(fig.  3).  This  sequence,  which  comprises  at  least  40,000 
feet  of  sandstone,  shale,  and  conglomerate,  is  infor- 
mally referred  to  in  this  report  as  the  Great  V^alley 
sequence.  It  differs  from  the  eugeosynclinal  assemblage 
comprising  the  Franciscan  chiefly  in  its  paucity  of 
volcanic  rocks  and,  for  this  reason,  is  referred  to  as 
miogeosynclinal.'  It  also  is  structurally  less  deformed, 
much  more  fossiliferous,  and  more  regularly  bedded 
than  are  the  Franciscan  rocks. 

These  and  other  difi^erences  generally  allow  one  to 
assign,  with  confidence,  a  group  of  rocks  to  either  the 
Franciscan  or  Great  V'aile)-  sequence.  Rocks  in  some 
areas,  however,  have  intermediate  characteristics  which 
necessitate  a  rather  arbitrary  decision  as  to  assignment 
fo  one  or  the  other  of  these  assemblages.  .One  prob- 
lem area  is  the  "coastal  belt"  of  Bailey  and  Irwin 
(1959).  This  belt  contains  medium-grained,  massively 
bedded  gravwackes,  with  minor  amounts  of  shale  and 
conglomerate,  all  structurally  deformed  in  such  a 
fashion  that  they  closely  resemble  the  rocks  typical 
of  the  Franciscan  Formation.  However,  the  belt  con- 
tains only  a  little  greenstone,  chert,  serpentine,  and 
blueschist-grade  metamorphic  rock.  For  descriptive 
purposes  the  sedimentary  rocks  of  this  belt  are  in- 
cluded with  the  Franciscan  in  this  report,  though  it 
is  likely  that  when  sufficient  work  has  been  done, 
these  rocks  will  prove  to  be  distinctive  enough  to 
stand  as  an  independent  stratigraphic  unit. 

Another  group  of  rocks  whose  assignment  is  con- 
troversial is  found  in  the  few  places  where  volcanic 
rocks  and  chert  occur  in  the  Upper  Jurassic  Knoxviile 
Formation.  Sedimentary  rocks  associated  with  these 
volcanics  are  mainly  fossiliferous  shale  similar  to  the 

'Although  the  presence  or  absence  of  volcanic  rock  is  the  chief 
basis  for  referring  to  the  Franciscan  p'ormation  and  Great 
\'alley  sequence  as  eugeosynclinal  and  miogeosynclinal, 
respectively,  they  have  other  differences  that  are  sum- 
marized in  table  18,  p.  124.  We  recognize  that  our  use  of 
rlie  term  "miogeosynclinal"  does  not  conform  to  the  use 
of  some  .American  geologists,  but  our  use  does  conform 
to  the  original  intent  of  Stille  who  coined  the  term  (sec 
Knopf,  1960). 


nonvolcanic  miogeosynclinal  part  of  the  Knoxviile. 
Although  there  is  some  merit  in  treating  these  vol- 
canic-bearing sequences  as  a  liybrid  Franciscan-Knox- 
ville  Group,  as  did  Taliaferro  (1943a),  it  seems  to  us 
that  their  dominant  lithologic  and  structural  features 
are  more  like  those  of  the  Great  Valley  sequence  than 
like  the  Franciscan  Formation.  For  descriptive  pur- 
poses, we  have  therefore  excluded  them  from  the 
Franciscan  in  our  discussion  of  its  lithology  and  in  the 
maps  included  with  this  report. 

The  assemblage  of  Franciscan  rocks  is  characterized 
by  great  diversity,  and  because  of  this,  as  well  as  its 
great  expanse,  no  single  geologist  has  been  able  to  gain 
intimate  knowledge  of  its  many  aspects  in  all  areas. 
One  of  our  main  purposes  in  preparing  this  article  is 
to  integrate  descriptive  data  now  available  in  published 
reports  and  unpublished  theses,  and  to  supplement  this, 
where  possible,  with  whatever  additional  data  we 
could  gather  readily.  More  study  is  needed  before  the 
several  different  lithic  types  can  be  precisely  described 
or  limits  placed  on  their  variations,  and  we  hope  to 
encourage  such  study  by  pointing  out  the  inadequacies 
of  the  available  data.  Another  objective  of  this  report 
is  to  determine  the  significance  of  the  various  lithol- 
ogies  in  terms  of  environment  or  mode  of  formation. 
These  topics,  which  deal  chiefly  with  internal  aspects 
of  the  Franciscan,  are  treated  in  part  1  of  this  report. 

In  part  2  we  discuss  the  relation  of  the  Franciscan 
rocks  to  the  other  rocks  of  western  California  and  the 
significance  of  the  assemblage  in  the  geology  of  the 
Coast  Ranges.  Until  the  record  of  the  Franciscan  rocks 
from  their  deposition  to  their  present  folded,  faulted, 
and  locally  metamorphosed  condition  is  understood, 
and  until  their  peculiar  juxtaposition  against  coeval 
rocks  of  a  difi^erent  facies  is  explained,  the  geologic 
history  of  the  Coast  Ranges  will  remain  obscure.  Some 
ideas  regarding  the  late  Alesozoic  paleogeography  and 
subsequent  orogenic  dislocations  are  offered,  but  it 
seems  likely  that  a  complete  understanding  of  the 
geologic  history  will  not  be  obtained  until  the  assem- 
blage of  Franciscan  rocks  is  broken  down  into  smaller 
recognizable  formational  units  and  their  ages  and  dis- 
tributions determined.  We  have  suggested,  in  this  re- 
port and  elsewhere  (Bailey  and  Irwin,  1959),  some 
criteria  whereby  parts  of  the  assemblage  can  be  differ- 
entiated, and  we  believe  that  application  of  these  tech- 
niques, and  others  \et  to  be  discovered,  should  lead  to 
a  far  clearer  picture  of  the  history  of  the  Coast  Ranges 
than  we  now  possess. 
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of  this  report,  though  they  are  so  numerous  that  they 
cannot  be  mentioned  individually.  The  section  on 
nietamorphic  rocks  was  read  by  R.  G.  Coleman,  A.  O. 
Woodford,  and  W.  G.  Ernst,  and  their  constructive 
criticisms  are  appreciated.  Chemical  analyses  of  some 
of  the  nietamorphic  rocks  \\  ere  obtained  from  Cole- 
man, and  other  anahses  of  rocks  in  the  San  Francisco 
area  were  obtained  from  Julius  Schlocker,  who  also 
furnished  X-ray  data  on  the  fine  fractions  of  the  gray- 
wacke. 

Of  the  hundreds  of  gra\-wacke  samples  used  in  de- 
termining K-feldspar  distribution  and  specific  gravit\', 
about  10  percent  were  loaned  to  us  by  other  geol- 
ogists. These  geologists  and  the  respective  sample  lo- 
calities are:  James  Berkland,  northern  San  Francisco 
Bay  area;  Manuel  Bonilla,  San  Francisco  South  quad- 
rangle; Stewart  Chuber,  Elk  Creek  and  Fruto  quad- 
rangles; Ivan  Colburn,  Aiount  Diablo  area;  T.  W. 
Dibblec,  Jr.,  Black  Mountain  area  of  the  Palo  Alto 
quadrangle;  D.  H.  Radbruch,  Oakland  East  quadrangle; 
Fred  Schilling,  Pacheco  Pass  quadrangle;  Julius 
Schlocker,  San  Francisco  North  quadrangle  and  north- 
ern San  Francisco  Bay  area;  and  Clyde  Wahrhaftig, 
Mount  Tanialpais  quadrangle. 

HISTORICAL  SUMMARY 

Early  Reconnaissance  (1858-1894) 
The  histor\'  of  the  study  of  the  Franciscan  goes  back 
to  the  earliest  da\s  of  geologic  exploration  in  Cali- 
fornia, and  the  literature  treating  various  aspects  of  its 
diverse  lithology,  mineralogy,  and  associated  mineral 
deposits  is  voluminous.  No  attempt  is  made  here  to 
repeat  all  the  ideas  that  have  been  expressed  or  to  cite 
every  reference,  but  rather  we  will  give  a  resume  of 
the  main  course  of  development  of  thinking  concern- 
ing the  broader  aspects  of  the  Franciscan— its  lithologic 
character  and  depositional  environment,  its  age,  its 
relation  to  other  rocks,  and  its  role  in  the  geologic 
history  of  the  Coast  Ranges.  For  a  more  detailed  dis- 
cussion, particularly  of  the  early  work  and  the  unusual 
metamorphic  rocks,  the  reader  is  directed  to  the  excel- 
lent summary  by  Taliaferro  (1943a,  p.  112-122). 

Blake  (1858)  first  described  the  rocks  in  the  vicinity 
of  San  Francisco  Bay  that  subsequently  were  desig- 
nated the  Franciscan  Series.  He  grouped  all  of  the 
sedimentary  rocks  of  the  Bay  area  into  one  unit  which 
he  called  the  San  Francisco  or  California  Sandstone. 
This  unit  was  tentatively  assigned  to  the  Tertiar\'  on 
the  basis  of  an  echinoid  Sciitella  mterHiieatci,  but  Blake 
suspected  that  Cretaceous  beds  might  also  be  present. 
Blake  also  mentioned  most  of  the  other  characteristic 
Franciscan  rock  types;  the  volcanic  rocks  were  re- 
ferred to  as  "Trappean"  rocks,  chert  was  regarded  as 
a  metamorphic  rock,  and  the  serpentine  he  described 
as  an  intrusive  rock  younger  than  the  sandstone. 

In  1865,  Whitney  recognized  the  presence  of  rocks 
of  several  different  ages  in  the  vicinity  of  San  Fran- 
cisco, and  he  restricted  the  name  "San  Francisco  Sand- 


stone" to  rocks  thought  to  be  of  Cretaceous  age.  This 
age  determination  was  based  on  a  single  specimen  of 
Inoceramiis  obtained  from  Alcatraz  Island  and  de- 
scribed as  /.  elUoU  by  Gabb  (1864).  In  the  Mount 
Diablo  area,  Whitney  believed  that  he  could  demon- 
strate the  alteration  of  normal  Cretaceous  shales  to 
thin-bedded  chert,  which  he  referred  to  as  jasper, 
and  he  also  tiiought  that  the  mafic  igneous  rocks  and 
serpentine  were  of  metamorphic  origin. 

By  1885,  a  considerable  number  of  reconnaissance 
studies  had  been  carried  out  in  the  Coast  Ranges.  A 
leader  in  this  work  was  Becker  (1885)  who  believed 
that  much  of  the  sequence  characterized  by  chert, 
serpentine,  and  other  distinctive  rock  types,  now  as- 
cribed to  the  Franciscan,  was  metamorphosed,  and  that 
the  Biichia  [/ir/ce/Zir  ^] -bearing  beds,  which  he  called 
the  Knoxville  Series,  graded  into  this  metamorphic 
series.  These  Knoxville  beds  were  correlated  with  his 
iMariposa  Beds  of  the  Sierra  foothills  and  assigned  a 
Neocomian  (earliest  Cretaceous)  age. 

In  1886,  Becker  further  amplified  his  view  of  Coast 
Range  geology  by  stating  that  the  entire  area  from 
New  Idria  north  to  Clear  Lake  was  underlain  by 
granite  of  very  uniform  character,  and  that  the  great 
mass  of  overl\'ing  sedimentary  rock  was  derived  from 
this  granite,  but  w  as  altered  by  regional  metamorpliism 
of  irregular  intensity.  The  supposed  presence  of  the 
granitic  basement  was  based  mainly  on  the  feldspathic 
nature  of  the  sandstone,  as  no  contact  of  the  basement 
rocks  and  the  overlying  sedimentar\"  rocks  was  found. 
Becker  recognized  various  types  of  nietamorphic  alter- 
ation, whereby  shales  were  thought  to  have  been  con- 
verted to  glaucophane  schists  in  some  areas  but  were 
thought  to  have  formed  phthanites  (cherts)  in  other 
areas.  The  presence  of  organic  remains  was  noted  in 
the  chert,  but  the  significance  of  the  radiolarian  tests 
was  not  appreciated.  Serpentine  was  thought  to  have 
been  derived  mainly  from  sandstone  or  from  an  inter- 
mediate granular  metamoiphic  rock;  only  a  small 
amount  of  serpentine  was  thought  to  have  formed 
from  an  olivine-rich  igneous  rock.  The  altered  sedi- 
mentary rocks  were  thought  to  be  no  older  than  Neo- 
comian, and  metamorphism  supposedly  occurred  at 
the  end  of  this  stage.  * 

Fairbanks,  in  a  series  of  papers  from  1892  to  1895, 
strongly  attacked  Becker's  idea  concerning  the  age  of 
the  Franciscan  rocks.  Although  Fairbanks  supported 
Becker's  conclusion  regarding  the  metamophic  nature 
of  the  Franciscan,  he  believed  the  rocks  to  be  of  prc- 
Cretaceous  age  and  separated  from  the  B//r/.i/ir-bearing 
Knoxville  beds  by  a  pronounced  unconformit\'.  At 
that  time,  all  of  the  Knoxville  was  considered  to  be 
earliest  Cretaceous,  as  Upper  Jurassic  fossils  were  not 
definiteh-  recognized  until  some  years  later.  In  1895 
Fairbanks  introduced  the  name  "Golden  Gate  Series" 
for  those  rocks  now  called  Franciscan,  and  the  age  of 
this  series  he  considered  to   be  Late  Jurassic,   about 

'  The  name  "Buchia,"  instead  of  its  synonym  Aucella,  is  used 
throughout  this  report  except  in  quotations. 
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HAROLD  WELLMAN  FAIRBANKS.  H.  W.  Fairbanks  came  to  the  University  of  Colifornia  at  Berkeley, 
having  previously  obtained  o  B.S.  from  the  University  of  Michigan  in  1890.  He  studied  under  A.  C.  Lawson, 
ond  received  his  Ph.D.  in  1896  after  having  submitted  a  series  of  geological  popers  in  fulfillment  of  the 
thesis  requirement.  From  1890  to  1895  he  traveled  widely  throughout  Californio  as  o  Field  Assistont  for 
the  California  State  Mining  Bureau  and  prepared  hundreds  of  poges  of  reports  on  specific  counties  from 
Son  Diego  County  to  Shasta  County.  In  1894  he  described  the  "uncrystalline  rocks"  of  the  Coast  Ranges, 
and  in  1895  he  wrote  of  these  rocks  (Fairbanks,  1895,  p.  416),  "For  this  collection  of  strata,  consisting 
chiefly  of  jasper,  sandstone,  shale,  and  slote,  typically  developed  about  the  entrance  to  Son  Francisco  Bay, 
(he  designofion  of  Go/den  Gate  series  is  proposed."  From  1897  to  1899  he  mapped  for  the  U.S.  Geological 
Survey  on  extensive  area  of  his  "Golden  Gate  series"  rocks  near  San  Luis  Obispo,  but  in  describing  these 
in  the  San  Luis  folio  he  was  forced  to  refer  to  them  os  the  "Son  Luis  formation  of  the  Franciscan  group." 
By  1907,  after  publishing  about  50  geologic  reports  and  abstracts,  he  returned  to  on  eorlier  interest  in 
geography  and  teaching,  essentially  giving  up  geologic  research.  He  subsequently  taught  geogrophy  at 
the  University  of  California  and  the  University  of  Southern  California,  published  severol  geography  text- 
books, and  traveled  widely  throughout  the  world.  (Photo  courtesy  of  University  of  Michigan  Alumni 
Association.) 


ANDREW  COWPER  LAWSON.  "Andy"  Lawson  was  a  distinguished  Professor  of  Geology  at 
versity  of  Colifornio  at  Berkeley  from  1890  to  1952.  Soon  after  his  arrival  at  the  University  he  be 
of  the  first  formol  courses  in  Field  Geology  in  the  United  States,  with  the  field  mapping  being  cone 
in  the  Son  Francisco  Boy  area.  As  a  result  of  this  work  Lawson  in  1895  named  the  heterogene 
blage  of  rocks  found  on  the  San  Francisco  Peninsula  the  "Franciscan  Series,"  and  in  1914  publi; 
well  known  Son  Francisco  folio.  Following  the  1906  earthquake,  caused  by  movement  along 
Andreas  fault,  he  served  as  Chairman  of  the  State  Earthquake  Investigation  Commission,  and 
edited  the  reports  of  mony  geologists  to  form  volume  1  of  the  clossic  study  published  by  the  Carnegie 
Institution  of  Washington.  He  olso  taught  ond  inspired  many  other  geologists  who  hove  contributed  to 
the  understanding  of  the  Franciscan  Formation,  among  whom  ore  Charles  Palache,  F.  L.  Ransome,  H.  W. 
Fairbanks,  Adolph  Knopf,  E.  F.  Davis,  and  N.  L.  Taliaferro.  (Photo  from  the  files  of  fhe  Geological  Society 
of  America.) 
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ELMER  FRED  DAVIS.  "Fritz"  Davis  studied  c 
and  G.  D.  Louderbock  at  the  University  of  Colifc 
thesis,  which  dealt  with  the  petrography  and  oi 
the  associated  sandstones,  led  to  the  publicotic 
most  exhaustive  studies  of  the  Franciscan  cher 
the  University  he  served  as  Instructor  in  Geolo- 
which  resulted  in  his  publishing  the  Berkeley  . 
the  University  of  California  Seismological  Statior 
Shell  Co.,  where  he  became  Chief  Geologist  and 
to  1948.  Since  1948  he  has  been  a  consulting 
of  the  Home  Oil  Co.  of  Canada. 
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NICHOLAS  LLOYD  TALIAFERRO.  "Tucky"  Taliaferro  (pronounced  "Toliver")  studied  under  Lawson  at 
Berkeley,  where  he  received  his  A.B.  and  Ph.D.  degrees.  He  joined  the  faculty  ot  Berkeley  in  1926,  and 
continued  in  this  capacity  until  his  untimely  death  in  on  automobile  accident  in  1961.  For  many  years  he 
was  in  chorge  of  the  popular  field  course,  in  which  students  mapped  extensive  parts  of  the  central  and 
southern  Coast  Ranges.  Many  advanced  students  introduced  to  the  Franciscan  rocks  in  this  summer  field 
work  selected  Coast  Ronge  quadrangles  for  Ph.D.  thesis  study,  ond  a  large  proportion  of  the  published 
reports  on  Coast  Range  quadrangles  hove  thus  resulted  from  Taliaferro's  leodership.  Toliofe 
known  publications  ore  the  "Fronciscan-Knoxville  problem"  published  by  the  A.A.P  G.,  and  a 
report  on  the  geology  of  the  Coast  Ranges  contained  in  Bull.  118  of  the  Calif.  State  Division 
(Photo  from  the  files  of  the  Geological  Society  of  America.) 
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"at  a  horizon  which  corresponds  closely  to  that  rep- 
resented by  the  Mariposa  beds"  (Fairbanks,  1895,  p. 
426).  He  believed  that  the  Golden  Gate  Series  had 
been  deposited  on  an  eroded  surface  developed  on 
ancient  cr\stalline  rocks  which  predated  the  granitic 
rocks  of  the  Sierra  Nevada.  Intrusion  of  serpentine 
was  thought  to  be  post-Knoxville,  probably  mid-Cre- 
taceous, as  both  Franciscan  and  Knoxville  rocks  were 
intruded  by  large  masses  of  serpentine.  Fairbanks 
(1894)  believed  that  the  typical  Franciscan  chert  was 
a  product  of  organic  activity  rather  than  a  result  of 
metamorphism,  and  this  conclusion  was  substantiated 
in  the  same  year  by  Hinde  (1894)  who  described 
Radiolaria  in  chert  obtained  from  Angel  Island  in  San 
Francisco  Bay. 

Definitive  Studies,  Chiefly  in  San  Francisco 
Area  (1894-1920) 

Beginning  in  the  early  1890's,  intensive  studies  of 
Franciscan  rocks  were  undertaken  by  various  members 
of  the  Department  of  Geological  Sciences  of  the  Uni- 
versity of  California  at  Berkeley.  Ransome  (1894)  and 
Palache  (1894a)  clearly  showed  that  serpentine  was 
formed  by  the  alteration  of  uitramafic  igneous  rocks, 
rather  than  by  the  metamorphism  of  sandstone.  Ran- 
some also  proposed  that  glaucophane  schist  and  related 
rocks  were  formed  by  contact  metamorphism  along 
the  margins  of  serpentine  bodies. 

Lawson  (1895)  named  as  the  Franciscan  Series  the 
rocks  in  the  vicinity  of  San  Francisco  that  had  been 
referred  to  previously  as  San  Francisco  Sandstone  or 
Golden  Gate  Series.  His  rejection  of  the  older  names 
was  not  explained,  but  the  name  Franciscan  has  per- 
sisted, and  the  older  names  are  now  abandoned.  Law- 
son's  Franciscan  Series,  defined  without  mention  of  a 
specific  type  section,  consisted  of  the  sedimentary 
and  volcanic  rocks  of  great  thickness,  but  he  excluded 
the  associated  uitramafic  intrusives  in  the  San  Fran- 
cisco area.  The  Franciscan  rocks  were  first  thought 
to  rest  on  an  eroded  surface  of  the  Montara  Granite, 
but  Lawson  ( 1914)  later  recognized  that  the  supposed 
basal  conglomerate  resting  on  his  Montara  was  of  Ter- 
tiary age  and  did  not  belong  to  the  Franciscan  Series. 

The  first  detailed  quadrangle  maps  of  Franciscan 
rocks  were  a  part  of  the  U.S.  Geological  Survey  San 
Francisco  Folio  by  Lawson,  published  in  1914.  In  it 
he  divided  the  Franciscan  Group  into  the  following 
five  formations,  listed  in  descending  stratigraphic 
order:  Bonita  Sandstone,  Ingleside  Chert,  Marin  Sand- 
stone, Sausaiito  Chert,  and  Cahil  Sandstone.  The  sand- 
stone units  were  described  as  essentially  similar  in  ap- 
pearance, so  position  within  this  sequence  could  only 
be  determined  with  reference  to  the  chert  units  w  hich 
served  as  key  beds.  Later  workers  (Schlocker,  Bonilla, 
and  Radbruch,  1958)  have  found  that  chert  occurs  at 
several  stratigraphic  levels  and  does  not  form  per- 
sistent beds  that  are  continuous  throughout  the  entire 
area.  Moreover,  Lawson  failed  to  recognize  the  struc- 


tural complexities  which  confused  the  order  of  his 
original  sequence.  Thus,  Lawson's  stratigraphic  classi- 
fication of  the  type  Franciscan  has  not  been  found 
to  be  applicable  either  throughout  the  type  area  or 
elsewhere. 

Lawson  (1914)  envisaged  a  complex  series  of  events 
in  order  to  explain  the  alternation  of  distinctive  lith- 
ologies  in  the  Franciscan.  He  postulated  that  deposi- 
tion began  on  the  sinking  bottom  of  a  transgressing 
sea.  His  Cahil  Sandstone  included  a  Calera  Limestone 
Member  that  was  described  as  a  foraminiferal  ooze 
deposited  far  from  shore  in  deep  water  beyond  the 
range  of  deposition  of  terrigenous  material.  Chert  was 
also  considered  to  be  a  deep-water,  organic  deposit, 
although  in  earlier  papers  he  had  argued  for  a  shallow- 
water,  nonorganic,  chemical  origin.  Deposition  of 
these  organic  deposits,  he  believed,  was  controlled  by 
fluctuations  of  the  strandline;  shallow  water  during 
periods  of  regression  permitted  deposition  of  terri- 
genous sediments  with  resulting  cessation  of  organic 
deposition.  This  transgressive-regressive  cycle  was 
thought  to  have  been  repeated  three  times,  thus  pro- 
ducing the  three  clastic  units,  two  chert  units,  and 
one  limestone  unit.  All  of  the  Franciscan  was  consid- 
ered to  be  of  marine  origin,  with  the  bulk  of  the 
sediments  being  deposited  in  shallow  water. 

The  age  of  the  Franciscan  and  its  relation  to  other 
formations  were  recognized  by  Lawson  as  presenting 
puzzling  problems  involving  apparently  contradictory 
data.  He  assumed  that  his  Montara  Granite  in  the 
Coast  Ranges  was  correlative  with  the  granitic  rocks 
of  the  Sierra  Nevada,  which  were  at  that  time  thought 
to  be  of  Cretaceous  age.  He  also  thought  that  the 
Franciscan  postdated  the  Montara  Granite  because  of 
an  abundance  of  granitic  debris  in  the  Franciscan, 
because  of  a  lack  of  granitic  intrusions  into  the  Fran- 
ciscan, and  because  of  a  lack  of  high-grade  meta- 
morphism in  the  Franciscan.  Later  work  (Curtis, 
Evernden,  and  Lipson,  1958)  has  apparently  confirmed 
the  Cretaceous  age  of  the  Montara  Quartz  Diorite, 
which  is  the  same  as  Lawson's  iVIontara  Granite,  but 
the  relation  of  this  rock  to  the  Franciscan  is  still 
obscured  because  of  structural  complexities  along  the 
San  Andreas  fault  (see  Hill  and  Dibblee,  1953).  Law- 
son  also  concluded  that  the  Knoxville  beds  rest  uncon- 
formably  on  the  Franciscan,  and  that  as  the  Knoxville 
was  regarded  as  of  earliest  Cretaceous  age,  the  Fran- 
ciscan must  be  pre-Cretaceous.  This  interpretation  was 
obviously  incompatible  with  a  Cretaceous  age  for  the 
supposed  granitic  basement  rocks,  and  it  led  Lawson  to 
suggest  that  either  his  Montara  Granite  was  older  than 
the  granitic  rocks  of  the  Sierra  Nevada,  or  that  a 
liitherto  unrecognized  long  interval  of  time  separated 
the  Jurassic  and  the  Cretaceous  periods.  During  this 
lost  time  interval,  the  granitic  rocks  of  the  Coast 
Ranges  were  intruded  and  eroded,  the  Franciscan 
deposited  and  folded,  and  the  Knoxville  was  then  laid 
down  unconformably  on  the  Franci.scan  during  the 
Early  Cretaceous.  Neither  of  these  ideas  appearently 
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had  much  appeal,  even  to  Lawson,  and  later  work  has 
shown  that  they  cannot  be  seriously  considered. 

Davis  (1918a,  1918b)  wrote  two  reports  giving 
excellent  detailed  descriptions  of  the  Franciscan  cherts 
and  sandstones.  He  concluded  that  the  radiolarian 
cherts  are  not  deep  water,  organic  ooze  deposits,  but 
instead  are  formed  in  shallow  water  through  the  ac- 
tion of  siliceous  springs  associated  with  volcanic 
activity.  Although  he  accepted  a  marine  origin  for  the 
chert-bearing  portion  of  the  Franciscan,  he  thought 
that  the  bulk  of  the  sedimentary  rocks  of  the  Fran- 
ciscan were  of  nonmarine,  fluviatile  origin.  Evidence 
for  this  interpretation  was  seen  in  the  sandstones  that 
contain  an  abundance  of  shale  chips,  thought  to  have 
formed  from  dried,  cracked  mud,  and  in  the  presence 
of  thick  conglomeratic  lenses,  which  were  considered 
to  be  of  fluviatile  deposition. 


Broader  Studies  (1920-1962) 

Knowledge  of  the  Franciscan  rocks  was  briefl\' 
summarized  by  Reed  (1933)  and  Reed  and  Hollister 
(1936)  who,  on  the  basis  of  distribution,  subdivided 
the  Franciscan  terranes  into  Northern  Franciscan,  Cen- 
tral Franciscan,  and  Southern  Franciscan  areas.  The 
northern  area  lies  entirely  east  of  the  San  Andreas 
fault;  the  central  area  lies  entireh'  west  of  the  Naci- 
miento  fault;  and  in  the  southern  area  the  Franciscan 
rocks  are  poorly  exposed  as  thev  crop  out  only  south 
of  the  Transverse  Ranges  in  the  Palos  Verdes  Hills 
and  on  Santa  Catalina  Island.  The  rocks  in  each  of 
these  areas  ^\•erc  thought  to  have  been  deposited  in 
separate  basins,  but  lithologic  differences  from  one 
basin  to  another  were  not  not(;d.  Reed  and  Hollister 
(p.  1551)  suggested  that  part  of  their  Franciscan 
Stage  may  be  as  old  as  late  Paleozoic  or  Triassic,  but 
because  no  supporting  paleontologic  data  was  cited, 
this  suggestion  has  not  generally  been  accepted. 

In  1943,  N.  L.  Taliaferro  (1943a)  summarized  the 
known  data  concerning  the  Franciscan,  and  suggested 
that,  rather  than  being  a  unit  of  uncertain  age  with 
unknown  or  indefinite  relations  to  other  rocks,  the 
Franciscan  constitutes  a  widespread  formation  witb 
narrow  age  limits  and  with  well-established  relatio  is 
to  younger  and  older  rocks.  In  brief,  Taliaferro  1  c- 
lieved;  (1)  the  Franciscan  was  deposited  on  an  ai  cicn 
crystalline  basement  (Sur  Series  and  Santa  Lucia 
Granodiorite)  of  uncertain  age,  but  possibly  as  old 
as  early  Paleozoic  or  even  Precambrian;  (2)  deposit  .on 
began  after  deformation  of  the  Mariposa  and  Gaiice 
Formations  of  Kimmeridgian  age,  because  in  sou'^'iern 
Oregon  the  Franciscan  was  found  to  rest  unconf(  :nr.\- 
bly  on  the  weakly  metamorphosed  Gaiice;  ant  (3) 
the  contact  between  the  Franciscan  and  the  overlying 
Knoxville  was  gradational,  not  unconformable;  in  sev- 
eral places  fossillifcrous  Knoxville  shales  were  associ- 
ated with  volcanic  rocks  and  radiolarian  cherts  similar 
to  those  of  the  Franciscan. 


Taliaferro  recognized  four  stages  of  development  of 
his  Franciscan-Knoxville  Group,  but  the  extent  and 
distribution  of  each  stage  was  not  specified.  The  four 
stages  are: 

1.  First  stage— low  cr  Franciscan.  .Mainly  deposition  of  sand- 
stone with  little  volcanism  and  few  chemical  or  organic  sedi- 
ments. 

2.  Second  stage— upper  Franciscan.  Beginning  of  widespread 
.olcanic  activity  with  maximum  development  of  chert  and 
foraminiferal  limestone.  Beginning  of  intrusion  of  mafic  and 
ultramafic  rocks  accompanied  locally  by  metamorphism. 

3.  Third  stage— upper  Franciscan  and  lower  Knoxville. 
Shales  become  more  abundant;  volcanism  wanes  with  resulting 
decrease  in  chert.  Continued  intrusion  of  ultramafic  rocks  and 
formation  of  schists.  Shales  in  places  abundantly  fossiliferous. 

4.  Fourth  stage— Knoxville.  Deposition  of  shale  and  siltstone 
predominates;  cessation  of  volcanic  activit>'  and  formation  of 
chert  except  in  local  areas.  Schists  developed  only  in  a  few 
places. 

Most  of  the  sediments  of  his  Franciscan-Knoxville 
Group,  he  believed,  were  derived  from  a  western 
source,  as  he  thought  that  in  going  westward  the  grain 
size  increased  and  the  quantity  of  shale  diminished. 
This  idea  implies  contemporaneity  of  coarse-grained 
western  deposits  and  shaly  eastern  deposits— a  supposi- 
tion which  Taliaferro  did  not  prove  and  which  later 
information  has  indicated  may  be  incorrect. 

The  age  of  the  Franciscan  was  stated  by  Taliaferro 
(1943a,  p.  195)  to  be  pre-Kno.xville  (Tithonian).  He 
based  this  mainly  on  field  relations  and  on  two 
Ichthyosaur  rostra  described  by  Camp  (1942).  These 
fossils  were  found  in  chert  cobbles  in  stream  or  terrace 
deposits  along  the  east  side  of  the  Diablo  Range  and 
probably  were  derived  from  the  Franciscan  rocks,  as 
he  suggested.  Concerning  the  age  of  these  fossil  bones, 
Camp  (1942,  p.  370)  states: 

"Ichthyosaur  remains  such  as  these  provide  somewhat  in- 
secure evidence  upon  which  to  base  a  precise  age  determina- 
tion, as  some  of  the  Upper  Jurassic  forms  continue  into  the 
Lower  Cretaceous.  So  far  as  may  now  be  determined,  the 
Franciscan  species  franciscanus  shows  closest  resemblances,  in 
details  of  tooth  structure,  to  Ichthyosaurus  posthiinms  from 
the  Tithonian  (Portlandian)  lithologic  beds  of  Solnhofcii 
(sic).  .\  few  other  Upper  Jurassic  and  Lower  Cretaceous  forms 
seem  to  be  closely  related  as  well  as  that  form  (iihnjthonesis  i 
of  f  Ichthyostmnis)  'mistralis'  described  by  Ftheridge  and  Long- 
man from  Queensland." 

Despite  Camp's  cautious  appraisal  of  the  age  signifi- 
cance of  these  fossils,  Taliaferro  (1943a,  p.  195)  did 
not  hesitate  to  state  that: 

"Both  the  stratigraphic  evidence  and  fossil  evidence  (the 
ichthyosaurs  described  by  Camp  and  the  fossils  collected  by 
the  writer)  agree  and  clearly  indicate  that  the  Franciscan  nia>- 
be  accurately  dated  las  Tithonian]." 

Just  prior  to  the  publication  of  Taliaferro's  Francis- 
can-Knoxville paper,  Thalmann  (1942)  reported  the 
occurrence  of  Upper  Cretaceous  l'"oraminifcra  in  Ca- 
Icra-likc  Franciscan  limestone  from  the  quarry  of  the 
Pcrmancntc  Cement  Co.  He  identified,  among  others, 
Glohotiiiuciihi  sp.  aff.  G.  appoininica  Renz  and  G. 
Unncianci   (d'Orbigny),  which  suggested  an  age  not 
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older  tlinn  Tuionian  and  not  younger  than  Santonian. 
Thalmann  (1943)  later  described  Foraminifera  from 
Franciscan  limestone  near  Laytonville,  as  well  as  from 
south  of  Olema  (Point  Reyes  quadrangle)  and  from 
the  similar  Whitsett  Limestone  Lentils  of  Diller  (1898) 
of  southern  Oregon.  These  limestone  lentils  were  cor- 
related with  the  Calera  Limestone  Member  and  were 
also  assigned  a  Turonian  age.  Later  work  by  Cushman 
and  Todd  (1948),  Church  (1952),  and  Kiipper  (1955, 
1956)  resulted  in  a  slight  modification  of  Thalmann's 
age  assignment,  but  all  of  these  workers  agreed  that 
the  foraminiferal  assemblages  of  the  Calera  Limstone 
Member  and  equivalent  rocks  are  Cretaceous  and 
probably  of  mid-Cretaceous  age  ( Albian-Turonian). 

The  significance  of  the  Late  Cretaceous  age  of  the 
Calera  Limestone  Member  has  been  controversial,  as 
some  workers  (  for  example.  Walker,  1950,  p.  5)  have 


suggested  that  the  limestone  is  a  \ounger  unit  that  is 
sheared  into  the  surrounding  mass  of  older  Franciscan 
rocks.  However,  the  later  finding  of  ammonites  of  Al- 
bian  and  Cenomanian  ages  (Schlocker,  Bonilla,  and 
Imlay,  1954;  Hertlein,  1956)  in  graywacke  of  the  type 
Franciscan  clearly  shows  that  the  Calera  Limestone 
iMember  and  some  of  the  other  Franciscan  rocks  are 
approximately  coeval. 

Irwin  (1957,  1960),  during  the  course  of  reconnais- 
sance geologic  mapping  of  the  northern  Coast  Ranges, 
found  sev,eral  new  fossil  localities  which  yielded 
Biichia  criissicollis  from  rocks  assigned  to  the  Francis- 
can. On  the  basis  of  this  and  the  older  palcontologic 
data,  he  emphasized  that  the  Franciscan  ranges  in  age 
from  Late  Jurassic  to  Late  Cretaceous  and  suggested 
that  it  is  a  volcanic-rich  facies  of  the  volcanic-poor 
Sacramento  Valley  sedimentary  sequence.  This  con- 
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cept  is  theoretically  appealing,  but  sufficient  data  were 
not  available  to  demonstrate  the  nature  of  the  facies 
/  transition.  A  further  outgro\\th  of  Irwin's  reconnais- 
I  sance  study  of  the  northern  Coast  Ranges  was  the  rec- 
f  ognition  (Baile\-  and  Irwin,  1959)  that  the  K-feldspar 
content  of  much  of  the  Franciscan  of  northern  Cali- 
fornia dilTered  markedly  from  the  Late  Jurassic  Knox- 
vilie  and  the  Cretaceous  rocks  of  the  Sacramento  \'al- 
ley  sequence.  The  Knowille  \\  as  found  to  average 
about  0.5  percent  K-feldspar,  the  Lower  Cretaceous 
rocks  about  2.8  percent,  and  the  Upper  Cretaceous 
rocks  about  10.6  percent.  The  Franciscan  rocks  imme- 
diately west  of  the  Sacramento  \^alley  rocks  in  north- 
ern California,  on  the  other  hand,  was  found  to  con- 
tain generally  no  K-feldspar,  and  this  striking  differ- 
ence between  rocks  of  similar  age  seems  to  preclude  a 
simple  facies  change.  Bailey  and  Irwin  also  found  that 
a  belt  of  dominantly  sedimentary  rocks,  lying  west  of 
U.S.  Highway  101,  had  a  high  K-feldspar  content,  and 
they  suggested  excluding  this  belt,  which  they  termed 
the  "coastal  belt,"  from  the  Franciscan  Formation. 


DISTRIBUTION  OF  THE  FRANCISCAN 

The  assemblage  of  Franciscan  rocks  extends  along 
the  western  margin  of  North  America  for  most  of  the 
length  of  the  State  of  California.  By  customary  usage, 
the  northern  boundary  of  the  Franciscan  is  the  Cali- 
fornia-Oregon border,  where  it  is  exposed  only  in  a 
narrow  band  between  the  Pacific  Ocean  and  the  older 
rocks  of  the  Klamath  Mountains  province.  Southward, 
the  eastern  limit  is  the  major  fault  that  forms  the  west- 
ern and  southern  boundary  of  the  Klamath  Alountains 
province  and  extends  for  over  1 50  miles  to  the  Great 
Valley  of  California.  South  of  this  junction,  the  eastern 
limit  of  Franciscan  exposures  follows  the  western  bor- 
der of  the  Great  \'alley  to  its  southern  end,  where 
Franciscan  rocks  are  largely  covered  by  the  younger 
rocks  of  the  Santa  Ynez  .Mountains  of  the  Transverse 
Ranges.  A  more  easterly-  extension  of  the  Franciscan 
rocks  beneath  the  mantle  of  miogeosynclinal  sedimen- 
tary rocks  in  the  Great  Valley  has  been  postulated 
chiefly  on  the  basis  of  rocks  recovered  from  a  few 
deep  drill  holes.  However,  because  the  older  rocks  of 
the  western  Sierra  Nevada  Foothills  are  somewhat  sim- 
ilar to  the  Franciscan  rocks,  the  assignment  of  these 
cores  to  the  Franciscan  unit  can  be  questioned. 

The  western  margin  of  Franciscan  exposures  north 
of  the  Transverse  Ranges  is  the  Pacific  shore,  but, 
within  much  of  the  southern  and  part  of  the  northern 
Coast  Ranges,  the  Franciscan  is  strangely  absent  in  a 
long  corridor  of  metamorphic  and  granitic  rocks  that 
lies  between  the  San  .\ndrcas  and  Nacimiento  faults 
(see  fig.  3).  West  and  south  of  the  Nacimiento  fault, 
the  Franciscan  rocks  on  the  mainland  are  covered  l)\' 
a  mantle  of  younger  sedimentary  rocks  over  extensive 
areas,  and  doubtless  the  coastal  waters  of  the  Pacific 
Ocean  also  conceal  considerable  Franciscan  rock. 


South  of  the  Transverse  Ranges,  metamorphic 
rocks  underlying  the  Palos  \^erdes  Hills  on  the  main- 
land (Woodring  and  others,  1946)  and  on  Santa  Cata- 
lina  Island  (Bailey,  1941)  have  been  described  as  a 
possible  continuation  of  the  Franciscan.  According  to 
Woodford  ( 1960,  p.  408),  the  widespread  presence  of 
glaucophane  schist  in  the  San  Onofre  Breccia  of  Mio- 
cene age  suggests  an  offshore  southeastern  extension  of 
the  schist  for  at  least  65  miles.  Glaucophane-bearing 
rocks,  thought  to  be  part  of  the  Franciscan,  were 
sampled  in  place  on  the  Sixtymile,  Fortymile,  and 
Thirtymile  Banks  offshore  from  San  Diego  (Emery, 
1960,  p.  66).  Further  southward,  rocks  that  may  be 
correlative  with  the  Franciscan  have  been  described 
(Hanna,  1925,  1927;  Beal,  1948;  van  West,  1958)  at 
several  places,  chiefly  on  islands  along  the  southern 
half  of  the  west  coast  of  Baja  California. 

In  southern  Oregon,  the  extension  of  rocks  mapped 
as  Franciscan  in  California  was  assigned  by  W^ells  and 
Peck  (1961)  to  the  Dothan  Formation  of  Late  Juras- 
sic age.  Near  Roseburg,  Oregon,  the  part  of  the 
Myrtle  Formation  of  Diller  (1898)  that  was  described 
as  the  Dillard  Series  by  Louderback  ( 1905)  also  seems 
likely  to  be  correlative  with  the  Franciscan  (Irwin, 
1960).  Farther  north  in  Washington,  Canada,  and 
Alaska  are  other  similar  rocks,  some  of  which  might 
be  correlated  with  the  Franciscan,  as  it  forms  only  a 
small  part  of  a  great  circum-Pacific  belt  of  thick 
Mesozoic  eugeosynclinal  deposits.  This  belt  also  is 
characterized  by  the  coincidence  of  serpentine  intru- 
sions (Hess,  1955),  low-grade  metamorphic  rocks  of 
the  zeolite  (Coombs,  1960),  blueschist  (Schurmann, 
1951),  and  greenschist  facies,  and  by  modern  oceanic 
troughs,  volcanism,  and  seismic  activity. 

In  summary,  the  Franciscan,  as  restricted  to  Cali- 
fornia, is  distributed  over  an  area  of  as  much  as  75,000 
square  miles,  if  one  includes  its  total  terrestrial  and  off- 
shore extent,  although  the  total  area  of  outcrop  is  a 
little  less  than  15,000  square  miles.  The  total  area  of 
deposition  of  Franciscan  and  other  correlative  eugeo- 
synclinal rocks,  however,  extended  not  only  through 
the  length  of  California,  a  distance  of  "50  miles,  but 
also  for  hundreds  of  miles  beyond  the  State  boundaries 
and  over  a  width  of  a  little  more  than  100  miles. 


THICKNESS  OF  THE   FRANCISCAN 

The  thickness  of  the  Franciscan  doubtless  is  great, 
but  this  cannot  be  ascertained  by  conventional  strati- 
graphic  methods  because  of  the  intensity  of  deforma- 
tion, the  lack  of  reasonably  continuous  exposures,  and 
the  absence  of  recognizable  horizons  or  sequences  that 
might  be  used  to  tie  partial  sections  together.  Reason- 
able estimates  of  a  minimum  thickness  can  be  made  b\'  • 
sc\cral  methods,  but  even  speculations  on  tiie  maxi- 
mum thickness  arc  ruled  out  because  the  base  is  not 
known.  Several  features  suggest  the  Franciscan  must 
be  ver\-  thick,  but  none  of  these  leads  to  a  close  esti- 
mate of  thickness.  The  occurrence  of  highly  deformed 


19641 


Franciscan  of  Wkstfrx  California 


21 


Franciscan  rocks  in  belts,  having  a  widtii  of  several  tens 
of  miles  across  the  tectonic  grain,  but  \\  ith  no  ex- 
posures of  a  basement  and  few  inliers  of  xoungcr 
rocks,  leads  to  the  assumption  that  the  Franciscan  is 
tens  of  thousands  of  feet  thick.  Similarih',  the  fact 
that  in  several  places  volcanic  accumulations  many 
thousands  of  feet  thick  are  enclosed  in  still  thicker 
sedimentary  rocks  suggests  thicknesses  in  excess  of 
10,0(X)  feet.  In  contrast,  we  find  that  the  more  reliable 
statements  of  thickness  made  by  geologists,  who 
studied  a  dozen  different  areas,  range  from  2,700  to 
20,000  feet,  with  thicknesses  in  the  5,000-  to  10,000- 
foot  interval  being  the  most  common.  These  thick- 
nesses apparently  ^\■ere  thought  to  be  partial  sections 
measured  on  reasonably  cohesive  blocks  of  Franciscan 
rocks,  rather  than  the  total  thickness  to  be  found  in 
each  area.  No  one  has  been  able  to  construct  a  com- 
posite total  section  by  tying  together  partial  sections 
b\-  means  of  matching  key  horizons  or  sequences. 

The  problem  of  thickness  is  further  complicated  by 
the  fact  that  the  eugeosynclinal  assemblage  probably 
consists  of  more  than  one  sequence  of  rocks  that  are 
similar  lithologicallv  but  separate  in  time,  with  some 
of  the  younger  part  seemingly  formed  by  cannibalism 
of  the  older.  If  some  of  the  older  sequence  is  locally 
eroded  to  provide  the  debris  to  form  a  younger 
sequence,  how  is  this  taken  into  account  in  a  meaning- 
ful statement  of  the  total  thickness  of  the  Franciscan? 
It  is  obvious  that  the  thickness  of  the  Franciscan  where 
overlain  by  the  Knoxville,  of  Late  Jurassic  age,  bears 
no  relation  to  the  thickness  where  the  Franciscan  is  of 
mid-Cretaceous  age. 

An  approximation  as  to  the  minimum  total  thickness 
might  be  made  b\'  adding  together  minimum  total 
thicknesses  of  sections  thought  to  have  been  deposited 
at  different  times.  McKee  (1958a)  reports  a  measur- 
able thickness  in  the  Pacheco  Pass  area  of  4  miles,  with 
an  additional  2  miles  of  rocks  believed  also  to  be 
present.  These  rocks  are  probabl\'  pre-Knoxville  in 
age,  as  they  seem  to  be  overlain  by  Knoxville  sedi- 
mentary rocks,  are  in  part  regionally  metamorphosed, 
and  contain  no  K-feldspar  (see  pp.  139).  To  this  Juras- 
sic section  of  about  30,000  feet,  we  might  add  a  section 
of  mid-Cretaceous  age  exposed  in  the  southern  part  of 
Marin  County,  which,  according  to  J.  Schlocker  (oral 
communication,  1960),  is  about  9,000  feet  thick.  The 
age  of  this  section  is  based  on  the  presence  of  small 
amounts  of  K-feldspar  in  some  of  the  graywacke  and 
on  sparse  fossil  data.  In  addition,  rocks  of  very  earl\ 
Cretaceous  age  are  known  to  be  included  in  the  Fran- 
ciscan, but  we  know  of  no  estimate  of  their  thickness. 
If  we  assume  that  they  are  as  thick  as  the  mid- 
Cretaceous  sequence,  we  arrive  at  an  approximation  of 
about  50,000  feet  for  the  entire  eugosynclinal  as- 
semblage. This  estimate  of  thickness,  while  very  large, 
seems  reasonable  when  it  is  compared  with  the  40,000 
or    more    feet    of    contemporaneous    miogeosynclinal 


sedimentar\'    rocks    present    in    the    bordering    Great 
\^ille>-. 

A  consideration  of  the  significance  of  the  meta- 
niorphic  grade  of  regionally  metamorphosed  parts  of 
the  Franciscan  gives  an  independent  clue  to  its  total 
thickness.  As  is  discussed  in  further  detail  in  the 
section  on  metamorphic  rocks  (see  pp.  Ill),  the  blue- 
schists,  and  especially  the  aragonitc  found  in  them,  in- 
dicate that  these  parts  of  the  Franciscan  were  subjected 
to  a  load  equivalent  to  at  least  50,000  feet  of  overlying 
rock.  Further,  for  the  metamorphic  assemblages  to 
have  persisted,  the  rocks  must  have  been  uplifted  and 
eroded  quickly  after  their  deposition,  thereby  indicat- 
ing that  the  50,000  feet  is  a  measure  of  the  thickness  of 
the  Franciscan  rocks  and  not  an  indication  of  the 
quantity  of  rocks  deposited  on  it  in  some  younger 
period. 

CLASTIC   SEDIMENTARY   ROCKS 

Clastic  sedimentary  rocks  form  nearly  90  percent  of 
the  assemblage  of  Franciscan  rocks  and  probably 
nearh-  90  percent  of  these  are  dirty,  unsorted  sand- 
stone or  graywacke,  with  the  remainder  being  mainly 
siltstone  or  shale.  Conglomerate,  although  locally 
prominent,  is  quantitatively  unimportant.  The  clastic 
sedimentar>-  rocks,  except  for  the  conglomerate,  are 
characterized  physicall\-,  by  being  composed  of 
angular  and  poorly  sorted  grains;  mineralogically,  by  a 
high  content  of  feldspar  and  rock  fragments;  and 
chcmicall\-,  b\-  an  abnorniall\-  high  ratio  of  soda  to 
potash.  Sandstones  are  dominantly  feldspathic  and 
lithic  graywackes,  which  locall>-  grade  to  tuffs,  but 
some  have  so  little  matrix  that  they  might  be  classed  as 
arenites.  Siltstones  and  shales  are  apparently  quite 
similar  to  the  graywackes  though  finer  grained;  the\- 
could  be  termed  micrograywackes,  since  they  contain 
an  abnormally  large  amount  of  minute  mineral  grains 
and  a  small  amount  of  clay  minerals. 

Graywacke 

By  far  the  most  abundant  rock  of  the  Franciscan 
is  graywacke,  which  has  a  truly  astonishing  volume. 
Even  if  the  average  thickness  of  the  Franciscan  is  re- 
garded as  only  25,000  feet,  and  the  depositional  area  in 
California  and  offshore  is  about  75,000  square  miles, 
the  total  volume  of  the  Franciscan  graywacke  is  more 
than  350,000  cubic  miles.  To  make  this  large  figure 
more  meaningful  we  might  point  out  that  this  is  suffi- 
cient sand  to  cover  the  State  of  California  to  a  depth 
of  10,000  feet  or  the  entire  conterminous  United  States 
to  a  depth  of  600  feet.  As  might  be  expected  in  a  unit 
of  this  great  bulk  and  areal  extent,  the  Franciscan 
graywacke  is  not  ever\-where  the  same,  nor  has  it  been 
studied  sufficientls'  to  permit  definition  of  the  limits 
of  its  variation.  Systematic  changes,  either  spatially  or 
temporally,  have  not  been  identified,  except  for 
K-feldspar  content  in  some  areas. 

iMuch  of  the  available  data  regarding  the  Franciscan 
graywacke  deals  only  with  a  specific  area  studied  as  a 
basis  for  a  thesis,  and  few  geologists  have  attempted  a 
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stud\'  of  regional  variation,  proxenance,  or  source. 
The  conclusions  of  those  who  have  considered  the 
broader  problems  are  repeated  briefly-  here,  prior  to 
descriptions  of  the  rock,  so  that  the  reader  will  have  a 
better  appreciation  of  the  conflicting  views  that  have 
been  expressed  and  the  difficulty  of  s\nthesizing  the 
data. 

Davis  (  19181)),  summarizing  what  was  then  known 
of  the  "Franciscan  sandstone,"  included  admirable  de- 
scriptions of  some  of  the  unusual  sedimentary  features 
shown  by  the  rocks  in  the  San  Francisco  Ba\-  area, 
general  statements  of  mineral  content,  and  information 
on  the  more  common  heavy  minerals.  He  concluded 
that  most  of  the  graywacke  was  a  continental  deposit 
laid  down  by  streams  in  a  region  sufficiently  arid  that 
decay  of  rock  minerals  was  ver\-  slight. 

Taliaferro  (1943a)  presented  considerably  more 
factual  data,  including  some  heavy  mineral  and  chem- 
ical analyses  of  graywackes,  and  he  suggested  that  the 
graywackes  show  a  southerly  increase  in  quartz, 
sphene,  epidote,  tourmaline,  and  biotite,  which  in- 
crease he  attributed  to  a  difference  in  source  rocks. 
Taliaferro  ( 1943a,  p.  139)  believed  that  the  Franciscan 
graywacke 

"*  *  *  was  derived  from  a  high,  rugged,  recently  uplifted 
land  mass  under  rigorous  climatic  conditions,  high  rainfall, 
and  possibly  a  cold  climate  in  the  highlands  with  well-wooded 
lower  slopes.  The  rivers  from  this  area  were  large  and  of  high 
gradient  and  brought  down  great  floods  of  unaltered  detritus 
into  a  shallow  sinking  basin.  The  land  mass  from  which  the 
greater  part  of  the  Franciscan  detritus  was  derived  was  made 
up  of  granodiorite,  crystalline  schists,  quartzites,  recrystallized 
black  cherts,  and  numerous  intrusions  of  quartz  and  feldspar 
porphyries." 

Soliman  (1958)  made  a  detailed  study  of  the  gra\- 
wacke  in  the  Isabel-Eylar  area,  east  of  Mount  Hamil- 
ton, and  compared  these  rocks  with  a  few  specimens 
from  areas  north  of  San  Francisco  and  as  far  south  as 
the  San  Benito  quadrangle.  As  a  result  of  the  examina- 
tion of  several  hundred  thin  sections,  135  of  which 
were  point  counted  to  determine  mineral  percentages, 
and  30  heavy  mineral  analyses,  he  concluded  that  the 
graywackes  in  northern  California  have  less  maturit\' 
and  contain  a  greater  percentage  of  rock  fragments 
and  less  quartz  and  feldspar  than  do  graywackes  in  the 
Diablo  Range.  He  found  that  epidote  decreased  from 
north  to  south  and  also  from  west  to  east.  Soliman 
concluded  that  the  Franciscan  sediments  were  depos- 
ited in  a  great  trough  that  was  filled  chiefly  from  the 
north,  with  some  additions  from  the  sides.  V^ariations 
in  graywacke  were  attributed  primarily  to  a  north-to- 
south  change  in  relief  of  a  landmass  l\ing  east  of  the 
trough,  and  .secondaril\'  to  the  distance  from  the  major 
source  to  the  north.  An  unu.sual  abundance  of  pink 
sphene,  hypcrsthene,  diopsidic  augite,  pink  garnet, 
and  hyacinth  zircon  in  the  Diablo  Range  was  attrib- 
uted to  local  derivation  of  those  minerals  from  a  land- 
mass  of  pre-Mesozoic  metamorphic  and  igneous  rocks 
lying  to  the  west. 


Baile\'  and  Irwin  (1959)  studied  the  regional  varia- 
tion in  K-feldspar  content  of  graywacke  in  both  the 
northern  Coast  Ranges  and  the  western  border  of  the 
Great  \'alley.  In  successively  \ounger  .Mesozoic  rocks 
of  the  Great  \'alle\-,  they  found  a  systematic  increase 
in  the  quantity  of  K-feldspar,  with  the  average  rang- 
ing from  half  a  percent  in  rocks  of  Late  Jurassic  age 
to  more  than  10  percent  in  rocks  of  Late  Cretaceous  ' 
age.  Gra\\vackes  in  the  northern  Coast  Ranges  were  ' 
djvided  into  two  units  on  the  basis  of  their  K-feldspar  i 
content.  One  unit,  l\ing  generall\'  in  the  western  half 
of  the  Coast  Ranges  and  at  least  in  part  of  mid-Creta- 
ceous age,  was  found  to  have  an  average  K-feldspar 
content  of  about  8  percent;  it  was  referred  to  as  the 
"rocks  of  the  coastal  belt"  and  excluded  from  the 
Franciscan  Formation.  The  other  unit,  comprising  a 
central  belt  in  which  most  of  the  samples  contained 
little  or  no  K-feldspar,  was  assigned  to  the  Franciscan; 
and  graywackes  in  the  same  area  with  anomaloush' 
high  content  of  K-feldspar  were  thought  to  be  ex- 
plained b\-  infolding  or  infaulting  of  younger  rocks. 

Occiirreiwe  and  viegascopic  features.  Exposures  of 
Franciscan  graywacke  are  in  most  places  poor  and 
discontinuous.  Areas  of  Franciscan  sedimentary  rocks 
usuall\'  are  mantled  by  at  least  a  few  feet  of  light- 
colored  soil,  through  which  protrude  small  knobs  of 
the  underlying  rock.  The  best  and  most  continuous 
outcrops  occur  in  the  main  stream  canyons,  but  even 
here  rocks  generally  crop  out  only  over  the  width 
of  the  stream  at  flood  stage.  In  some  areas,  however, 
especiallx'  where  more  recent  uplift  is  particularly  pro- 
nounced, as  in  parts  of  the  northern  Coast  Range  and 
in  diapiric  plugs  like  those  of  .Mount  Diablo  and  New 
Idria,  massive  graywacke  forms  well-exposed  cliffs  a 
few  hundred  feet  high.  Excellent  artificial  exposures 
have  been  provided  in  recent  years  by  cuts  being  made 
b\^  highways,  roads,  quarries,  or  large  buildings.  In 
most  areas,  however,  the  fragmentar\-  nature  of  the 
exposures  permits  observation  of  only  small-scale  de- 
tails of  sedimentary  structures  or  bedding  and  does 
not  allow  tracing  of  a  specific  bed  for  more  than  a 
short  distance.  Thus,  little  is  known  about  the  con- 
tinuit\'  or  lenticularity  of  individual  beds. 

Bedding  of  the  Franciscan  graywacke  is  best  char- 
acterized by  both  the  irregularit\-  in  thickness  of  the 
beds  and  the  unusuall\'  great  thickness  of  some  of 
them.  Single  units,  as  defined  by  the  distances  between  j 
shale  partings  or  interbeds,  have  thicknesses  ranging 
from  half  an  inch  up  to  at  least  tens,  and  perhaps 
hundreds,  of  feet.  Although  there  is  an  apparent  ten- 
dency for  beds  in  some  areas  to  be  unusually  thick  or 
unusually  thin,  no  rhythmic  pattern  to  the  variation 
in  thickness  has  been  detected.  Commonl\-  a  well- 
exposed  section  will  show  a  variation  in  bed  thicknesses 
from  an  inch  up  to  perhaps  as  must  as  10  feet,  with 
all  intermediate  thicknesses  represented  and  distributed 
through  the  section  at  random.  The  quantit\'  of  shale 
present  as  parting  layers  between  gra\wacke  beds  is 
generally  small,  amounting  to  less  than  a  fifth  of  the 
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Photo   7.      Massive    Franciscan    graywacke;    no    bedding    apparent    in    lower    40    feet 
of  exposure.    Big   Austin   Creek,   Skoggs   quadrangle. 
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Photo  8.  Tightly  folded  Franciscan  (Coastal  belt)  graywocke  and  shale.  On  High- 
way between  Fort  Bragg  and  Wlllits,  east  side  of  Glenblair  quadrange.  Note  hammer 
left  of  center  for  scale. 


graywacke-shale  sequence,  but  no  relation  between  the 
quantity  of  shale  and  the  thickness  of  the  graywacke 
beds  has  been  noted. 

Sedimentary  structures  of  the  Franciscan  graywacke 
have  not  been  studied  in  detail,  but  our  observations 
indicate  that  most  of  the  graywacke  beds  are  non- 
graded  and  possess  little  internal  structure  other  than 
a  vague  platy  lamination  which  is  due  to  alignment  of 
flat  shale  chips  and  bits  of  carbonaceous  matter.  Sole 
markings,  ripple  marks,  crossbedding,  and  graded  bed- 
ding have  been  seen  only  in  a  few  areas.  Locally  in  the 
Franciscan  outcrop  belt,  the  usual  thick  graywacke 
beds  are  replaced  by  thin  graywacke  beds  alternating 
with  siltstonc  or  by  a  sequence  in  which  shale  and 
siltstone  predominate.  In  some  of  these  finer  grained 
sequences  sedimentary  structures  are  unusually  abun- 
dant. 


The  area  about  Mount  Hamilton,  in  the  Diablo 
Range,  is  one  in  which  rhythmically  alternating  beds 
of  graywacke  and  siltstone  or  shale  form  a  large  part 
of  the  total  sedimentary  sequence.  In  this  area  the 
graywacke  generally  shows  well-developed  graded 
bedding,  with  beds  ranging  in  thickness  from  less  than 
an  inch  to  several  feet.  The  upper  shaly  portion  of 
many  of  these  graded  beds  is  finely  laminated  and  may 
exhibit  small-scale  crossbedding.  Large-scale  cross- 
bedding  has  not  been  observed  in  the  graywacke  here 
or  elsewhere,  and  convolute  bedding  is  uncommon. 
The  contact  between  successive  graded  units  generally 
is  sharp.  Sole  markings,  including  both  groove  casts 
and  flute  casts,  haVe  been  observed  at  the  base  of  some 
beds,  but  these  markings  rarely  can  be  seen  owing 
both  to  the  lack  of  adequate  exposures  of  the  under- 
sides of  beds,  and,  at  least  to  some  extent,  to  oblitera- 
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tion  of  sole  markings  by  shearing  along  bedding  planes. 
In  this  area  carbonaceous  material  is  abundant,  par- 
ticularly in  the  upper  parts  of  graded  beds  and  in  the 
overlving  fine-grained  siltstone  and  shale.  Most  of  this 
material  consists  of  degraded,  shredded  bits  of  charcoal 
which  in  places  retains  cellular  structure. 

In  many  places  where  graywacke  beds  are  thin,  they 
can  be  seen  to  be  lenticular,  but  much  of  this  lenticu- 
larity  is  a  secondary  feature  resulting  from  develop- 
ment of  shear  planes  that  intersect  bedding  planes  at 
low  angles.  Where  shear  planes  are  closely  spaced, 
their  intersection  with  bedding  planes  forms  well- 
developed  boudinage,  but  more  commonly  the  com- 
bination of  irregular  thickness  of  beds  and  irregular 
spacing  of  shear  planes  results  in  a  chaotic  jumble  of 
short  bed  segments  and  lenticles.  Not  uncommonly 
during  deformation,  shale  has  been  injected  p]a,sric;ill\ 


into  fractures  in  the  graywacke,  thus  forming  planar 
surfaces  between  massive  graywacke  and  shale  that 
can  be  easily  mistaken  for  normal  bedding  planes. 
However,  the  bedding  of  otherwise  massive  graywacke 
can,  in  some  places,  be  determined  by  the  orientation 
of  mica,  shale  flakes,  or  bits  of  carbonaceous  material. 
This  method  provides  a  means  of  checking  whether 
a  thin  shale  parting  is  a  bed  or  is  material  that  has  been 
plastically  injected  along  a  fracture. 

The  appearance  of  fresh  Franciscan  graywacke 
varies  with  differences  in  grain  size,  proportions  of 
the  component  minerals  and  rock  grains,  and  the 
amount  of  pressure  it  has  undergone.  All  varieties, 
however,  are  well  indurated,  poorly  sorted,  dirty  sand- 
stones containing  abundant  quartz,  feldspar,  and  some 
rock  fragments.  The  predominant  color  of  fresh  speci- 
mens is  gr:i\',  but  ina\"  niiigc  from  light  to  elark  gray  to 
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Photo  9  (below).  Thick-bedded  Franciscan  graywacke,  with  minor  beds  of  black  shale.  Road 
it  in  sea  cliff  about  five  miles  southeast  of  Crescent  City,  Del  Norte  County.  Note  hammer 
elow  center  for  scale.  (Photo  by  Salem  Rice.) 
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Photo    10.      Tightly    folded    and    faulted    Franciscan(?)    shale    and    thin-bedded    graywocke    in    quarry    one    mile    south    of    Novate.    Several    specimen 
of  tnoceramus  schmidti  of  Companion  age  have  been  found  in  these  beds. 


bluish  or  greenish  gray.  Upon  weathering,  the  color 
changes  first  to  lighter  gray  and  then  to  tan.  Hydro- 
thermal  alteration  may  change  the  color  to  nearly 
white. 

"-  Most  of  the  graywacke  appears  on  cursory  inspec- 
tion to  have  an  average  grain  size  of  about  half  a  milli- 
meter, but  this  appearance  is  somewhat  misleading  as 
the  rock  is  poorly  sorted  and  one  tends  to  overesti- 
mate the  average  grain  size  \\  hen  disregarding  the  finer 
grains.  The  grains  range  in  shape  from  dominantly 
angular  to  subangular  and,  more  rarely,  subrounded. 
Typical  specimens,  especially  if  not  entirely  fresh, 
have  a  "salt  and  pepper"  aspect,  owing  to  the  promi- 
nence of  white  feldspars  and  black  grains  of  shale, 
mafic  rocks,  or  carbonaceous  material.  In  addition, 
many  contain  larger  flakes  of  shale  and  shiny  flakes  of 
mica,  either  muscovite  or  biotite.  Much  of  the  gray- 
wacke appears  merely  very  well  compacted,  but  in 


some  areas  it  has  been  so  compressed  that  the  shale 
and  mafic  rock  fragments  have  been  flattened  and 
impart  a  slight  schistosity  to  the  rock,  forming  what 
is  sometimes  referred  to  as  a  semischist.  The  gray- 
wacke is  dense  and  virtually  nonporous.  In  many 
specimens  it  is  difficult  to  distinguish  with  a  hand  lens 
any  material  that  would  be  called  matri.x.  Although  the 
graywacke  is  generally  well  indurated  and  hard,  many 
beds  are  cut  by  innumerable  invisible  cracks  and  are 
so  shattered  that  it  is  difficult  to  collect  a  piece  the 
size  of  a  hand  specimen.  Veining  b_\'  quartz  or  calcite 
is  widespread,  and  locally  veins  of  adularia,  albite,  or 
laumontite  are  found. 

Microscopic  features.  Thin-section  study  reveals 
wide  diversity  among  rocks  that  are  now  grouped 
together  as  Franciscan  graywacke,  but  quantitative 
data  on  the  components  generall\-  arc  difficult  to  ob- 
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stable   grains 
(Mainly  quartz,  also  includes 
chert  and  quartzi  t  e) 


Feldspar  grains  Less  stable  grains  (Rock 

fragments  other  than 
chert  and  quart  zi  te, 
mica,    etc. ) 

Figure  4.  Ternary  diagram  showing  proportions  of  stable  grains, 
less  stable  grains,  and  feldspar  grains  in  80  Franciscan  groywockes 
(54  northern  California,  26  central  California).  Matrix  not  included. 
From  Soliman  (1958). 

tain.  This  difficulty  is  chiefly  because  many  of  the 
feldspars  are  fresh  and  unr\vinned,  and  thus  they  are 
not  easily  distinguished  from  quartz,  and  much  of  the 
plagioclase  is  albite  that  is  scarcely  distinguishable 
from  K-feldspar.  The  finest  grained  material  of  the 
matrix  is  generally  unresolvable,  and  measurement  of 
even  the  quantity  of  matrix  is  difficult,  because  in 
many  of  the  rocks  there  is  a  gradation  rather  than  a 
sharp  break  in  size  between  clasts  and  matrix.  Some 
of  the  difficulties  of  measurement  might  be  overcome 
by  the  application  of  preferential  stains  to  the  plagio- 
clase and  K-feldspar  (Bailey  and  Stevens,  1960),  but 
because  these  methods  have  not  yet  been  applied  to 
thin  sections  of  these  rocks,  the  available  data  on 
quartz/feldspar  or  plagioclase/K-feldspar  ratios  ob- 
tained from  thin  sections  cannot  be  considered  as  en- 
tirely reliable.  Grain  counts  made  following  a  separa- 
tion of  light  and  heavy  fractions  are  probably  little 
better  because  of  the  same  inherent  difficulties,  and,  in 
addition,  the  graywacke  is  so  indurated  that  treat- 
ment drastic  enough  to  separate  individual  grains  also 
will  shatter  or  dissolve  some  of  the  components.  Thin 
sections,  however,  do  reveal  features  not  discernable 
with  a  hand  lens,  and  the  estimates  that  have  been 
made  of  component  percentages  give  a  general  idea 
of  the  variability  found  among  the  graywackes  even 
though  these  estimates  do  not  permit  one  to  place 
rigid  limits  on  the  variations  or  to  be  confident  of  any 
regional  variation. 


The  predominant  features  seen  in  thin  section  are 
the  general  lack  of  abrasion  and  the  lack  of  sorting  of 
the  grains  of  the  rock.  Most  of  the  grains  are  angular, 
and  this  is  especially  true  for  the  monomineralic 
grains.  Rock  fragments  tend  to  be  subangular  or  sub- 
rounded,  but  in  many  sections  the  compaction  of  the 
rock  has  led  to  a  modification  of  the  shape  of  the 
softer  composite  rock  fragments  by  their  yielding 
to  fit  between  the  monomineralic  grains.  The  mono- 
mineralic grains  are  chiefly  feldspar  and  quartz,  but 
most  sections  contain  a  few  grains  of  epidote-group 
minerals,  apatite,  and  zircon.  The  quantity  of  rock 
fragments  ranges  from  near  zero  to  as  much  as  three- 
fourths  of  the  rock.  In  many  sections  the  predominant 
rock  fragments  are  mafic  lava,  apparently  quite  like 
the  greenstone  in  the  assemblage  of  Franciscan  rocks, 
and  all  gradations  between  such  volcanic-rich  gray- 
wackes and  tuffs  are  known.  Other  lithic  graywackes 
contain  very  few  mafic  rock  fragments  but  instead 
contain  clasts  of  shale,  chert,  quartzite,  or  quartz-seri- 
cite  schist. 

Most  of  the  Franciscan  grayw  acke  has  a  matrix  con- 
tent of  at  least  10  percent  and  thus  would  fall  into 
the  "wacke"  classification  of  Gilbert  (Williams  and 
others,  1954,  p.  292).  Of  80  specimens  point  counted 
by  Soliman  (1958),  about  42  percent  would  fall  into 
the  arkosic  wacke  subdivision,  23  percent  into  the 
feldspathic  wacke  subdivision,  and  }5  percent  into 
the  lithic  wacke  subdivision  (fig.  4). 

Quartz  grains  make  up  from  10  to  50  percent  of 
most  of  the  Franciscan  graywackes,  with  the  average 
of  available  measurements  being  about  30  percent.  The 
average  value  of  normative  quartz  in  the  21  chemical 
analyses  of  Franciscan  graywacke  included  with  this 
report  is  31.5  percent.  Extreme  values  for  quartz  grains 
of  5  to  60  percent  based  on  point  counts  of  thin  sec- 
tions are  recorded  by  Soliman  (1958),  and  his  range 
for  "stable  grains,"  shown  in  figure  4  is  from  23  to 
62  percent.  Soliman's  values  for  quartz  and  "stable 
grains"  are  high  as  compared  with  measurements  made 
b\-  others,  and  with  chemical  analyses.  The  quartz 
grains  are  generalh'  angular  to  subangular,  but  rare 
rounded  or  even  euhedral  grains  are  present.  .Most 
quartz  grains  are  clear,  and  many  contain  minute 
liquid-  and  gas-filled  cavities.  Many  show  undulatory 
extinction,  and  some  grains  are  composite,  consisting 
of  several  crystal  units  separated  b\-  sutured  bound- 
aries. 

Feldspar  generally  is  the  dominant  mineral  in  the 
gravwackes  and,  in  some  specimens,  probably  amounts 
to  as  much  as  60  percent  of  the  rock.  Feldspar  occurs 
most  abundantly  as  monomineralic  grains,  but  it  is 
also  a  prominent  constituent  of  many  of  the  rock 
fragments.  The  percent  of  clastic  feldspar  grains  in 
80  graywacke  specimens  from  northern  and  central 
California  was  determined  by  point  counts  b>-  Soliman 
(1958).  F"igurc  4,  taken  from  his  report,  indicates  feld- 
spar amounts  to  from  9  to  46  percent  of  the  clastic 
grains,  with  more  than  half  the  specimens  containing 
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Photo  11  (left).  Lithic  groywacke  with  closts 
of  greenstone,  altered  mafic  glass,  shale,  chert, 
quartz,  orthoclase,  plogioclose,  epidote,  biotite, 
and  myrmekite:  Tombs  Creek  quodrongle. 
(Coastal  belt  unit)  (58-274). 
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Photo  12  (right).  Feldspothic  groywacke 
with  closts  of  quartz,  albite,  muscovite,  biotite, 
chlorite,  mafic  volcanic  rocks  and  glass  and 
shale.   Pillsbjry   Loke   quadrangle   (B-35). 
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Photo  13  (right).  Feldspathic  groywocke 
with  quartz,  plagioclose,  orthoclase,  muscovite, 
biotite,  epidote,  mafic  volcanic  rocks,  and 
shale.  Fort  Ross  quadrangle.  (Coastal  belt  unit) 
(60-305). 


Photo  14  (left).  Feldspathic  groywocke  with 
quartz,  plagioclose,  orthoclase,  biotite,  epidote, 
mafic  volcanic  rocks,  and  shale.  Very  little 
matrix.    Fort    Ross    quadrangle    (5i'-191). 
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between  20  and  30  percent.  The  average  value  of 
normative  feldspar  in  21  analyses  of  Franciscan  gray- 
wackes  is  43.5  percent.  Grain  counts  or  point  counts 
reported  by  Soliman  and  others  are  probably-  all  low 
with  respect  to  total  feldspar,  because  the  grain  counts 
are  made  on  a  light  fraction  that  does  not  include 
the  mafic  feldspar-bearing  rock  fragments  and  point 
counts  normally  include  only  the  monomineralic 
grains.  The  minimum  and  maximum  for  feldspar  con- 
tent is  the  5  to  55  percent  reported  for  the  Pacheco 
Pass  area  by  AIcKee  (1958a),  and  the  average  of  all 
of  the  measurements  and  estimates  we  found  in  the 
literature  is  about  35  percent.  Normative  feldspar  cal- 
culated from  the  available  chemical  analyses  averages 
about  45  percent. 

Over  wide  areas  plagioclase  is  the  only  feldspar 
present  as  grains  in  the  Franciscan  graywacke;  in 
some  areas,  however,  orthoclase  is  also  present.  The 
plagioclase  is  highly  sodic,  and  most  investigators  have 
reported  it  as  either  albite  or  oligoclase.  Our  thin- 
section  studies  indicate  albite  is  most  common,  oligo- 
clase less  so,  and  andesine  comparatively  minor.  Soli- 
man  (1958)  reports  that  labradorite  and  bytownite 
also  occur  in  minor  amounts.  Normative  plagioclase 
calculated  from  analyses  ranges  from  Auni  to  An^:; 
and  averages  An,-,.  As  the  abundance  of  K-feldspar 
can  apparently  be  used  to  separate  otherwise  indis- 
tinguishable sequences  of  graywacke,  and  also  has 
genetic  implications  as  to  possible  source  areas,  it  is 
discussed  elsew  here  in  the  report  in  considerable  de- 
tail (sec  pp.  139etseq.). 

The  feldspar  grains,  though  tending  to  be  more 
nearly  square  or  rectangular,  are  comparable  in  size 
and  angularit)-  to  the  quartz  grains.  Many  show'  no 
twinning,  but  in  some  sections  they  can  be  distin- 
guished from  quartz  because  they  are  more  cloudy 
and  more  susceptible  to  incipient  alteration.  Some  are 
composite  and  appear  to  have  been  replaced  by  groups 
of  smaller  crystals  of  a  different  kind  of  plagioclase. 

The  quartz/feldspar  ratio  has  been  measured  b> 
various  means  or  estimated  b\'  at  least  two  dozen 
geologists,  who  report  figures  ranging  from  1:2  to 
10:1.  The  point  counts  of  Soliman  (1958)  indicate  a 
ratio  of  siliceous  grains,  including  chert,  to  feldspar 
of  2:1  (see  fig.  4),  but  his  values  for  the  siliceous 
grains  seem  to  be  high.  The  average  of  all  of  the  data 
available  is  very  close  to  1:1.  Norms  calculated  from 
chemical  analyses  of  21  graywackes  indicate  an  aver- 
age ratio  of  3  quartz  to  4  feldspar,  but  it  should  be 
recognized  that  some  of  the  normative  quartz  is  pres- 
ent as  chert  or  quartzite,  and  some  of  the  normative 
feldspar  represents  material  occurring  in  rock  frag- 
ments. We  have  no  data  indicating  a  difference  in 
quartz/feldspar  ratios  between  the  graywackes  with 
K-feldspar  and  those  w  ithout,  but  a  significant  diflFer- 
ence  may  exist. 

Rock  fragments  are  the  next  most  abundant  com- 
ponent of  the  gra\  wackes.  but  thc>  have  received 
little  study.  Reported  percentages  of  rock  clasrs  range 


from  a  minimum  of  2  to  a  maximum  of  55,  but  as  the 
volcanic  graywackes  apparently  grade  into  tuffs  with 
an  increase  in  volcanic  fragments  and  an  elimination 
of  nearly  all  of  the  quartz,  the  reported  maximum  of 
55  percent  is  rather  arbitrary.  Even  less  information 
is  available  On  the  proportions  of  the  various  kinds 
of  rock  fragments,  and  nothing  has  been  noted  re- 
garding the  relation  of  the  total  quantit>-  to  kind  of 
rock  fragment. 

The  most  abundant  rock  clasts  are  various  kinds  of 
fine-grained  mafic  volcanic  rocks,  apparently  like  the 
greenstone  flows,  tuffs,  and  breccias  that  are  inter- 
la\ered  with  the  sedimentary  rocks.  Altered  mafic 
glass  fragments  are  very  common,  and  minute  frag- 
ments of  altered  glassy  material  seem  to  provide  the 
major  part  of  the  matrix  for  many  of  the  more  lithic 
graywackes.  Chert  fragments  also  are  common,  and 
some  of  these  that  are  red  and  contain  radiolaria  re- 
semble those  found  in  rhythmicalh'  layered  sequences 
of  the  Franciscan  Formation.  Other  chert  fragments, 
w  hich  are  common  in  some  of  the  graywackes.  are 
black  and  carbonaceous;  they  seem  to  be  unlike  any 
found  as  beds  in  the  Franciscan.  Recr\stallized  cherts. 
nian\"  of  which  contain  shreds  of  mica,  are  also  com- 
mon. Shale  fragments  are  a  ubiquitous  component,  but 
pieces  of  fine-grained  graywacke  are  rare.  McKee 
(1958a)  reports  that  in  the  Pacheco  Pass  area  detrital 
grains  of  quartz  diorite  are  prominent  in  the  part  of 
the  Franciscan  that  he  believes  to  be  the  oldest  ex- 
posed. Fragments  of  quartz-mica  schists  are  not  un- 
common, but  clastic  grains  of  glaucophane  schist  or 


Figure  5.  Ternary  diagram  showing  proportions  of 
stable  grains,  unstable  grains,  and  matrix  in  79 
Franciscan  graywackes  (51  nortliern  California,  28 
central    California).    From    Soliman    (1958). 
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jadeitized  rocks  have  been  reported  only  by  McKee 
(1958a).  The  shapes  of  the  rock  fragments  are  vari- 
able. In  many  graywackes,  the  fragments  of  relatively 
weak  rocks,  such  as  the  mafic  volcanics,  have  been 
bent  to  fit  between  the  harder  grains,  while  the  harder 
rocks,  such  as  the  cherts,  are  undeformed. 

Estimates  of  the  quantity  of  matrix  in  these  gray- 
wackes range  from  8  percent  to  as  much  as  50  per- 
cent, but  probably  these  have  been  made  on  different 
bases  by  different  geologists.  In  many  of  the  gray- 
wackes there  is  no  clearly  discernible  break  in  grain 
size  between  the  coarsest  clasts  and  the  finest  matrix- 
material,  and,  as  a  result,  the  distinction  between  clasts 
and  matrix  is  arbitrary.  The  problem  is  further  com- 
pounded if  slight  metamorphism  has  resulted  in  the 
growth  of  new  crystalline  aggregates,  some  of  which 
are  larger  than  the  smallest  of  the  original  clasts.  In 
general,  however,  geologists  include  under  the  term 
"matrix"  the  dark-colored  and  nearly  unidentifiable 
paste,  which  probably  has  a  grain  size  of  less  than  0.02 
mm.  In  spite  of  the  difficulty  of  measuring  the  quan- 
tity of  matrix,  it  is  obvious  that  the  quantit>'  varies 
considerably;  in  some  graywackes  the  clasts  appear 
largely  separated  by  matrix,  while  in  the  majority  the 
grains  appear  closely  packed  with  only  narrow  films 
of  matrix  between  them.  Figure  5  shows  that  the  quan- 
tity of  matrix,  as  determined  by  Soliman  (1958)  by 
point  counts  on  80  Franciscan  graywackes,  is  generally 
between  5  and  25  percent. 

The  nature  of  the  matrix  material  is  largely  indeter- 
minate in  thin  section,  but  much  of  it  appears  to  be 
sericitic  or  chloritic.  An  X-ray  study  of  the  finest 
fraction  obtained  from  crushed  graywacke  of  the  San 
Francisco  Bay  area  by  J.  Schlocker  (oral  communica- 
tion, 1963)  indicates  mica  is  more  abundant  than  chlor- 
ite, except  in  some  volcanic-rich  wackes,  and  there  is 
little,  if  any,  kaolinite.  Both  the  mica  and  chlorite  are 
fairly  well  ordered  but  some  contain  a  low  percentage 
of  expandable  layers.  Calculations  of  norms  also  indi- 
cate chlorite  is  generally  more  abundant  than  kaolinite 
and  may  exceed  muscovite,  but  this  would  include 
components  in  rock  grains  as  well  as  in  the  matrix.  In 
some  graywacke  the  original  matrix  is  sufficiently  re- 
crystallized  to  permit  one  to  identify  new  quartz,  seri- 
cite,  chlorite,  and  albite;  however,  most  Franciscan 
graywackes  are  recrystallized  so  little  that  the  margins 
of  the  clastic  grains  have  not  been  rendered  fuzzy  by 
the  growth  of  new  minerals. 

The  cement  for  these  hard  tough  rocks  is  generally 
just  the  paste  or  matrix.  Recrystallized  quartz  is  some- 
times visible  in  the  matrix  of  the  more  feldspathic 
graywackes,  suggesting  that  their  matrix  is  more  sili- 
ceous than  the  average,  and  a  higher  proportion  of 
chlorite  is  present  in  the  matrix  of  graywackes  with 
abundant  mafic  rock  fragments.  Occasionally  one  finds 
specimens  with  a  true  calcitc  cement,  but,  more  com- 
monly, calcite  cement  occurs  in  small  irregular  patches 
that  suggest  a  selective  replacement  of  the  more  nor- 
mal matrix.  Quartz  also  locally  replaces  most  or  all  of 


the  matrix,  especially  in  areas  in  which  all  the  gray- 
wackes show  incipient  metamorphism. 

Other  constituents  of  the  graywackes  are  heavy  de- 
trital  grains  which  are  readily  separated  by  the  use  of 
heavy  liquids.  More  than  50  separations  have  been  re- 
ported, and  these  are  summarized  in  figure  6.  In  this 
table  an  attempt  has  been  made  to  indicate  abundance, 
even  though  not  all  of  the  data  are  comparable  because 
of  difference  in  both  the  treatment  and  reporting  of 
results.  The  minerals  most  investigators  find  to  be 
abundant  are  biotite,  chlorite,  minerals  of  the  epidote 
group,  sphene,  and  zircon;  other  apparently  wide- 
spread minerals  present  in  smaller  amounts  are  apatite, 
garnet,  hornblende,  ilmenite,  leucoxene,  magnetite, 
pyrite,  and  tourmaline.  More  uncommon  minerals  in- 
clude brookite,  gahnite,  kyanite,  lawsonite,  piedmon- 
tite,  pumpellyite,  and  rutile.  Chromite  or  picotite, 
which  would  be  indicative  of  derivation  from  ultra- 
mafic  rocks,  are  rarely  reported  even  though  several 
geologists  have  reported  serpentine  as  one  of  the  com- 
mon lithic  fragments  in  the  graywacke.  Much  of  the 
reported  serpentine  may  be  chloritized  mafic  glass, 
with  which  it  is  easily  confused.  Glaucophane,  which 
is  so  readily  recognized  that  it  could  scarcely  be  over- 
looked, was  found  as  clastic  grains  in  heavy  concen- 
trates only  by  Soliman  (1958).  Staurolite,  which  oc- 
curs in  upper  Alesozoic  sedimentary  rocks  of  the 
Great  Valley  (Briggs,  1953b),  has  not  been  found. 
Among  the  common  heavy  minerals  are  several  (such 
as  apatite,  biotite,  chlorite,  and  hornblende)  that  are 
relatively  unstable  and  readily  destroyed  by  weather- 
ing and  abrasion.  Andalusite,  kyanite,  piedmontite,  and 
probably  also  lawsonite  and  pumpellyite,  though  not 
abundant,  indicate  that  at  least  part  of  the  source  rocks 
were  regionally  metamorphosed. 

Chemical  features.  The  chemical  composition  of 
21  representative  graywackes  is  given  in  table  1,  and 
the  distribution  of  the  sample  localities  is  shown  in 
figure  7.  A  comparison  of  the  average  of  these  analyses 
\\ith  graywackes  found  in  other  parts  of  the  world  can 
be  made  by  reference  to  table  2.  Prominent  charac- 
teristics of  Franciscan  graywackes  are:  (1)  soda  com- 
monly exceeds  potash,  or,  expressed  differently,  the 
KoO/NaoO  ratio  is  less  than  1,  (2)  the  ratio  of  ferric 
to  ferrous  oxide  (Fe^Os/FeO)  is  generally  less  than  1, 
and  (3)  combined  water  (HoO-f-)  is  generally  more 
than  2  percent. 

Molecular  norms  are  also  given  in  tables  1  and  2,  and 
because  not  all  geologists  are  familiar  with  this  type  of 
presentation  of  data,  or  the  ease  with  which  the 
molecular  norms  can  be  obtained  from  a  chemical 
analysis,  the  method  will  be  briefly  explained.  In  the 
conversion  of  analyses  given  in  weight  percent  of  the 
constituent  oxides  into  minerals,  use  is  made  of  the 
molecular  units  of  Niggli  (1936),  and  the  method  of 
calculation  follows  that  of  Eskola  ( 1954)  and  Barth 
(1955).  The  method  is  based  on  determining  the  num- 
ber of  cations  of  the  various  cationic  elements  in  a  unit 
volume  of  rock.  This  is  done  bv  first  reducing  the 
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1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 
70.3 

15 

16 

17 

18 

19 

20 

21 

SiOi 

56.8 

67.3 

68.5 

68.8 

71.7 

71.2 

72.2 

62.7 

67.5 

67.2 

58.4 

70.7 

72.9 

69.0 

68.9 

67.0 

67.3 

60.9 

67.1 

70.8 

TiOj 

n.d. 

1.8 

0.6 

0.3 

0.3 

0.4 

0.5 

0.5 

0.6 

0.5 

0.5 

0.4 

0.6 

0.4 

0.7 

0.6 

0.6 

0.6 

AljOj 

11.4 

12.4 

12.8 

14.5 

13.2 

13.1 

11.7 

13.1 

14.6 

14.6 

14.2 

14.2 

11.3 

14.0 

11.7 

12.7 

14.1 

15.5 

16.4 

14.9 

FnOi 

1.5 

0.6 

1.3 

0.6 

0.3 

1.0 

0.7 

2.1 

2.7 

1.9 

2.4 

1.8 

1.1 

0.8 

1.0 

1.5 

0.9 

FeO     

5.0 

4.0 

3.4 

2.5 

3.6 

2.4 

3.2 

1.3 

1.9 

2.3 

1.4 

1.3 

2.8 

2.6 

4.2 

2.8 

4.0 

3.8 

4.4 

MnO 

0.2 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.2 

0.2 

0.1 

0.1 

0.1 

0.1 

MgO    

3.1 

2.3 

2.2 

1.9 

1.8 

2.2 

2.7 

1.3 

1.7 

2.3 

1.2 

1.3 

2.7 

2.1 

3.8 

2.5 

2.8 

1.9 

3.1 

1.6 

1.7 

CaO 

7.6 

3.3 

1.8 

2.2 

1.8 

1.5 

0.6 

6.0 

1.1 

1.8 

8.2 

0.7 

0.6 

1.3 

1.3 

1.9 

1.3 

NaiO 

3.3 

3.0 

6.0 

3.9 

2.7 

4.3 

3.2 

3.6 

3.7 

3.7 

3.3 

4.3 

3.8 

4.1 

2.0 

2.7 

3.4 

4.2 

KjO       

0.9 

1.2 

1.3 

2.7 

1.3 

l.I 

1.4 

1.7 

1.9 

1.9 

2.0 

2.4 

0.9 

1.2 

2.3 

2.1 

1.6 

3.2 

0.6 

2.3 

2.2 

H,0+ 

HiO- 

3.2 
1.4 

2.5 
0.3 

2.1 
0.3 

1.6 
0.3 

2.5 
O.I 

1.9 

0.3 

}- 

3.2 

3.5 

3.4 

3.1 

2.4| 

2.2 
0.4 

2.4 
0.2 

3.3 
0.3 

2.8 
0.7 

2.8 
0.6 

1.8 
0.2 

3.7 
0.5 

2.6 

0.8 

2.2 
0.2 

COi  

5.1 

0.6 

n.d. 

O.I 

0.3 

0.1 

0.1 

3.6 

4.8 

0.1 

0.1 

0.3 

0.1 

0.1 

0.2 

0.1 

PiOi 

0.1 

0.1 

0.2 

0.4 

0.1 

O.I 

O.I 

0.1 

0.1 

o.i 

0.1 

0.1 

0.1 

0.1 

0.2 

0.1 

0.1 

0.1 

O.I 

0.1 

0.1 

Total  .. 

•99.57 

•99.41 

•100.47 

•"100.13 

•<99.93 

•99.85 

99 

99 

99 

100 

100 

100 

99.72 

•99.69 

100 

100 

99 

100 

100 

99 

100 

23.5 

34.8 

20.4 

26.4 

5.5 

7.0 

8.0 

16.5 

31.0 

28.0 

54.5 

36.0 

4.5 

12.5 

4.3 

8.0 

4.0 

2.2 

2.5 

9.0 

6.8 

6.2 

5.4 

7.0 

3.4 

3.2 

3.0 

1.6 

0.8 

1.4 

0.8 

2.6 

1.0 

0.4 

0.3 

OJ 

o'.s 

0.8  ' 

13.6 

1.6 

0.5 

0.2 

Molecular  norm-catanorm 

41  9 

33.5 

40.8 

29.8 

33.5 

29.8 

25.0 

31.9 

40.3 

34.1 

37.4 

36.8 

31.4 

22.8 

18.8 

31.9 

32.8 

8  n 

6.5 

9.0 

10.5 

12.0 

11.5 

12.0 

14.5 

5.5 

7.0 

14.5 

13.0 

10.0 

19.5 

4.0 

14.5 

13.5 

25.5 

39.5 

30.0 

33.5 

35.0 

35.0 

30.5 

40.5 

35.5 

38.0 

19.0 

25.5 

32.5 

38.5 

39.0 

29.5 

34.0 

6  5 

5.5 

I.O 

6.0 

5.0 

8.5 

9.0 

2.5 

0.5 

5.0 

5.5 

7.0 

5.0 

2.0 

18.0 

8.0 

6.5 

5.9 

3.3 

5.3 

3.7 

5.2 

4.0 

3.9 

4.1 

4.5 

4.9 

4.7 

4.2 

5.7 

4.9 

2.9 

5.2 

3.7 

5  7 

6.6 

7.8 

3.8 

5.0 

6.4 

3.4 

3.6 

7.8 

6.0 

11.2 

7.2 

8.0 

5.4 

9.0 

4.8 

4.8 

5.0 

2.4 

3.8 

1.8 

3.0 

3.0 

0.5 

2.6 

5.0 

5.4 

5.0 

3.2 

2.8 

0  1 

1.2 

0.8 

2.1 

3.0 

2.1 

2.5 

2.0 

1.2 

0.9 

1.2 

1.6 

0.9 

0.4 

1.5 

1.2 

0.8 

0.6 

0.6 

0.8 

0.6 
0.1 
0.3 

1.0 

0.6 

0.6 

0.6 

0.8 

0.6 

1.0 

1.0 

1.0 

0.8 

1.0 

0.8 

0.6 

0.3 

OJ 

OJ 

OJ 

o'.l 

o's 

0^3 

0^3 

0.3 

0.5 

0.3 

0.3 

0.3 

0.6 

0.3 

0.3 

0.8 

0.6 

0.4 

9.6 

12.6 

0.6 

0.2 

;. 

0.8 

0.2 

0.2 

0.6 

0.2 

%An  in  plag 


21.9 

25.9 

8.0 

14.5 

58.8 

44.0 

7.9 

7.2 

3.4 

2.8 

1.4 

0.8 

1.0 

0.4 

Molecular  norms  making  use  of  combined  water 

40.9 

34.3 

41.1 

30.0 

34.0 

30.5 

24.6 

31.0 

39.8 

33.5 

39.0 

37.5 

31.8 

24.6 

19.9 

32.7 

32.3 

2.5 

3.0 

4.5 

8.0 

5.5 

5.0 

9.0 

3.0 

8.5 

32.0 

45.0 

31.0 

39.5 

40.0 

43.5 

39.5 

43.0 

36.0 

43.0 

24.5 

32.5 

37.5 

40.5 

57.6 

37.5 

40.5 

8.5 

7.5 

9.6 

3.1 

4.1 

6.9 

2.9 

3.0 

9.0 

7.5 

13.5 

8.1 

10.9 

9.0 

11.6 

6.6 

6.4 

5.4 

1.4 

3.4 

1.0 

0.8 

1.2 

1.8 

3.6 

4.6 

4.2 

2.2 

2.0 

3.4 

2.6 

1.2 

3.4 

11.2 

9.1 

12.6 

11.2 

16.8 

11.9 

10.5 

8.5 

7.7 

9.8 

12.6 

11.2 

14.0 

14.7 

5.6 

16.1 

7.0 

0.3 

1.2 

0.8 

2.1 

3.0 

2.1 

2.5 

2.0 

1.2 

0.9 

1.2 

1.6 

0.9 

0.4 

1.5 

1.2 

0.8 

0.6 

0.6 

0.8 

0.6 

1.0 

0.6 

0.6 

0.6 

0.8 

0.6 

1.0 

1.0 

1.0 

0.8 

1.0 

0.8 

0.6 

0.3 

0.3 

0^3 

0.3 

0.3 

0^3 

0.5 

0.3 

0^3 

OJ 

0.5 

0.3 

0.3 

0.3 

0.6 

0.3 

0.3 

0.8 

0.6 

0.4 

9.6 

12.6 

0.6 

0.2 

0.8 

0.2 

0=0.7 

0.2 

0.6 

0.2 

20 

12 

3 

15 

12 

20 

23 

6 

1 

12 

22 

22 

13 

5 

32 

21 

16 

1.  "Neocomian  Sandstone"  from  headwaters  of  Bagley  Creek,  Mount  Diablo,  Calif.  (Turner,  1891,  p.  412).  Analysis  by  W.  H.  Melville. 

2.  Graywacke  (NA  450),  New  Almaden  district,  Santa  Clara  County,  Calif.  Analysis  by  Mrs.  A.  C.  VUsidis. 

3.  Franciscan  "sandstone,"  Sulphur  Bank,  Calif.  (Becker,   1888,  p.  82).  Analysis  by  W.  H.  MelviUe. 

4.  Franciscan  "sandstone"  from  quarry  of  Oakland  Paving  Co.,  Piedmont,  Alameda  County,  Calif.   (Davis,    1918b,  p.   22).  Analysis  by  J.  W.  Hanson. 

5.  Franciscan  "sandstone,"  junction  of  Buckeye  Gulch  and  Hospital  Canyon,  Carbona  quadrangle,  Stanislaus  County,  Calif.  (Taliaferro,  1943a,  p.   136). 
Analysis  by  Herdsman  Laboratory,  Glasgow. 

6.  Graywacke  (302/74),  Valley  Ford,  Sebastopol  quadrangle,  Sonoma  County,  Calif.  (Bloxam,  1956,  p.  493).  Anaysis  by  E.  H.  Oslund. 

7-12.   By  rapid  rock  analysis  method  described  in  U.  S.  Geol.  Survey  Bull.   1036-C  Analyses  by  P.  L.  D.  Elmore,  I.  H.  Barlow,  S.  D.  Botts,  and  GiUison 
Chloe.  HjO  treated  as  combined  water  in  calculating  molecular  norms. 

7.  Franciscan    graywacke    (59-76)    from    saddle    4,900    ft    N.    54°    W.    of  Bummer  Peak,  Skaggs  Springs  7Vi-minute  quadrangle,  NEV4  of  Skaggs  quad- 
rangle, Sonoma  County,  Calif. 

8.  Franciscan  graj-wacke  (59-108)  from  450  ft  N.  40°  W.  of  "peak  1135"   near   center   of   east   edge   of   Skaggs   Springs   quadrangle,    Sonoma   County, 
Calif. 

9.  Franciscan    graywacke    (59-358)    from    3,150   ft   S.    85°    W.   of   Gabes  Rock,   Cazadero   7V4-minute  quadrangle,   SEW   of  Skaggs  quadrangle,   Sonoma 
County,   Calif. 

10.  Franciscan    (coastal    belt)    graywacke    (59-337)    from    saddle    1,200    ft   south  of  The  Nubble,  Tombs  Creek  7Vi-niinute  quadrangle,  NWV4  of  Skaggs 
quadrangle,  Sonoma  County,  Calif. 

11.  Franciscan    (coastal   belt)    graywacke    (59-119)    from    ridge    7,000   ft    N.  62°  E.  of  Reese  Gap,  Skaggs  Springs  quadrangle,  Sonoma  County,  Calif. 

12.  Franciscan    (coastal    belt)    graywacke    (59-308)    in   canyon    of   WheatBeld  Fork  of  Gualala  River  at  north  boundary  of  Tombs  Creek  quadrangle, 
Sonomo  County,  Calif. 

13.  Franciscan  grayivacke  (80  RGC-58-1),  4,000  ft  N.  25°  W.  of  Blunt  Point  Lighthouse,  Angel  Island,  Marin  County,  CaHf.  By  rapid  rock  analysis 
method.  Analysis  by  P.  L.  D.  Elmore,  S.  D.  Botts,  I.  H.  Barlow,  and  M.  D.   Mack. 

14.  Franciscan    graywacke,    Quarr>-    Point,    Angel    Island,    Marin    County,  CaHf.  (Bloxam,   1960,  p.   559).  Analysis  by  T.  W.  Bloxam. 

15-21.  By   rapid    rock   analysis   method   described   in   U.    S.   Geol.   Survey    Bull.    1036-C.  Analyses  by  P.  L.  D.  Elmore,  S.  D.  Botts,  I.  H.  Barlow,  and 
Gillison  Chloe. 

15.  Schistose  graywacke  (S-39-A),  on  shore  750  ft  southeast  of  Campbell  Point,  Angel  Island,  Marin  County,  Calif. 

16.  Franciscan  graywacke   (SF-373)   near  sea  level  3,350  ft  east  of  Lands  End,  San  Francisco  North  quadrangle,  San  Francisco,  Calif. 

17.  Franciscan  graywacke  (SF-2114),  west  side  U.  S.  Highway   101,  at  a  point  5,050  ft  northwest  of  lighthouse  at  Lime  Point,  San  Francisco  North 
quadrangle,  Marin  County,  Calif. 

18.  Arkosic  grayivacke  (SF-2122),  Franciscan(?),  quarry  4,100  ft  east  from  "peak  1314,"  San  Bruno  Mountain,  San  Francisco  South  quadrangle,  San 
Mateo  County,  Calif. 

19.  Franciscan  volcanic  graywacke  (SF-2140),  north  side  of  intersection  of  Masonic  and  Roosevelt  Aves.,  San  Francisco,  Calif. 

20.  Franciscan  grayivacke  (SF-2141),  east  side  of  Laguna  Honda,  San  Francisco,  Calif. 

21.  Franciscan  graywacke  (SF-2148),  200  ft  west  of  Kearny  Street  and  50  ft  south  of  Francisco  Street,  Telegraph  Hill,  San  Francisco,  Calif. 
•  Total  of  original  analysis  which  reports  all  oxides  to  0.01. 

"Also  contains  BaO  0.04,  ZrOs  0.05,  and  SO3  0.15. 
'  Also  contains  ZtOj  0.04. 
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12.  7 
SAN   FIUNCISOD    /IS  ^      ,—     5    T 


Figun 


of  analyzed  graywackes  listed  in  table  1. 


weight  percent  of  the  oxides  to  equivalent  molecular 
proportions  by  dividing  by  the  molecular  weight  of  a 
single-cation  oxide:  e.g.,  for  SiOo  one  simply  divides 
by  the  molecular  weight  of  silica,  but  for  AI2O3  one 
divides  by  the  molecular  weight  of  A10:i,o,  etc.  (In 
this  step  one  ma\-  also  multiply  each  component  h} 
1,000  to  eliminate  decimals.)  All  the  hydrogen  of  com- 
bined water  is  considered  to  be  in  the  form  of  (OH) 
ions  in  the  rock,  so  it,  as  well  as  other  rarer  constitu- 
ents such  as  F  and  CI,  are  regarded  as  anions  and 
therefore  not  included.  When  the  equivalent  molecu- 
lar proportions  of  the  cations  have  been  obtained,  they 
are  summed,  and  each  is  divided  by  the  sum,  thus  yield- 
ing the  percent  of  each  cation  in  a  unit  volume  and  in 
a  total  of  100  cations.  These  cations  can  then  be  readilv 
combined  to  form  various  minerals,  and  a  systematic 
procedure  for  making  the  combination  to  yield  a 
standard  "catanorm"  is  given  b\-  Barth  ( 1955).  Because 
the  cations  arc  made  initially  to  total  100  percent,  the 
minerals  made  into  an  assemblage  that  utilizes  all  the 
cations  will  also  total  100  percent.  This  method  of 
recasting  an  analysis  into  normative  minerals  is  ap- 
preciably faster  than  the  C.I.P.VV.  method,  but  its 
greatest  advantage  is  the  ease  with  which  the  cation 
proportions  can  be  recast  into  the  different  normative 
mineral  assemblages  that  most  closely  approximate  the 


actual  mineral  assemblages  of  different  analyzed  rocks 
The  final  results  are  usually  expressed,  as  the>'  arc  in 
this  report,  as  molecular  norms,  which  differ  only 
slightly  from  weight  norms  and  are  equally  suitable 
for  construction  of  the  various  types  of  diagrams  used 
to  compare  some,  or  all,  of  the  components  of  ana- 
lyzed rocks. 

The  standard  catanorms  calculated  from  the  gray- 
wacke  analyses  are  useful  for  comparative  purposes, 
but,  because  they  are  designed  to  represent  the  mineral 
assemblages  that  might  result  from  the  cooling  of  a 
magma  of  the  same  composition,  thev  do  not  give 
a  proper  picture  of  the  mineral  components  actu- 
all)-   present  in  the  graywacke.   For  example,   nearly 

Table  2.     Compariso7i  of  Franciscmi  graywackes 
with  other  graywackes. 


Molecular  norm-catanorm 


31.3 

10.6 

33.8 

6.2 

4.0 

6.3 

1.3 

0.8 

0.4 

2.0 

25.7 

30.1 

12.0 

11. S 

31.5 

29.0 

6.5 

6.0 

4.6 

6.3 

8.2 

6.4 

5.4 

4.6 

1.0 

1.6 

0.6 

0,6 

0.3 

0  S 

4.2 

3.4 

34.3 

32.4 

13.5 

14.0 

24.5 

34.5 

10.5 

7.5 

5.7 

3.0 

5.2 

3.6 

3.6 

3.8 

1.2 

1.0 

0.6 

0.5 

0.3 

0.2 

32  7 
14.5 
33.0 
8.0 
3.5 
3.4 
2.2 
1.2 
1.0 
0.5 
0.2 


Molecular  norm— making  use  of  combined  water 


chl. 
kaul 


cc 

''/cAn  in  plag. 


31.5 

28.2 

30.3 

35.4 

31,1 

■3.5 

1.5 

13,0 

40.0 

40.0 

35.0 

35.6 

42.0 

7.9 

11.4 

9.1 

7.4 

6.1 

2.4 

3.4 

0.6 

5.2 

9.8 

14.7 

16.1 

18.9 

1.4 

1.3 

1.0 

1.6 

1.2 

0.8 

0.6 

0.6 

1,0 

0.6 

0.4 

0.3 

0.5 

0.5 

0.3 

2.0 

4.2 

3.4 

0.2 

15.5 

16.2 

17.1 

30,0 

17.8 

31.4 
11.5 
41.0 
4.6 
4.6 
4.2 
1.2 
1.0 
0.5 
0.2 
19.5 


1 .  Average   of   21    Franciscan   graywackes    included    in    table    1    of   this 
report. 

2.  Average  graywacke  (Pettijohn.  1949,  p.  250^. 

3.  Average  of  23  graywackes  (Pettijohn,   1957,  p.  307).  Omitted  from 
.malysis  and  total  is  SO;,  of  0.04. 

4.  Average  of  .^0  graywackes  (Tyrrell.    1933.  p.  26).  Fe^O;,  modified  tc 
give  correct  summation. 

5.  Composite  of  20  Wellington  graywackes,  New  Zealand  (Reed,   1957. 
p.  22). 

6.  Average   of    14   New   Zealand   lower   Mesozoic   "Alpine"   graywackes 
(Reed,  1957,  p.  22), 
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Nos.  1-21,  analyses  in  this 
report.  (Molecul  ar  norms) 
NOS.  I- 11 1, from  Taliaferro 
(l9U3a.p.  137) 
(C.I.  P.W.  norms) 
Av.is  arithmetic 
average  of  nos.  1-21 


.  Quartz 


Triangle  with    shaded 
corners  is  the 
arithmetic  average  of 
the    21   samples. 


Feldspar 


Plagioclase 


Figure  8.  Ternary  diagram  showing  normative  quartz,  feldspar,  and 
"rest"  in  24  Franciscan  graywackes. 

all  of  the  molecular  norms  contain  corundum  (C), 
which  does  not  mean  the  sediments  contain  corundum 
but  instead  indicates  an  excess  of  alumina  over  that 
required  to  form  feldspars  from  the  alkalies.  In  addi- 
tion, all  of  the  analyses  show  normative  orthoclase, 
yet  staining  of  the  samples  has  indicated  that  the  potas- 
sium in  most  is  not  present  in  feldspar  but  rather,  in 
such  minerals  as  muscovite,  celadonite,  or  a  K-bearing 
clay  mineral. 

To  give  a  closer  approximation  of  the  mineral  com- 
position of  the  graywackes,  we  have  calculated  the 
other  molecular  norms  shown  on  tables  1  and  2  using 
a  theoretical  chlorite  1 3(Mg,Fe)  •2Si-4(OH)  |  musco- 
vite [K-3Al-3Si-2(OH)|,  and  kaolinite  [Al-Si- 
2(OH)].  To  form  these  hydrous  or  (OH)-bearing 
minerals  requires  the  use  of  the  water,  which  is  not 
used  in  calculating  the  standard  catanorm;  but,  making 
use  of  the  water  permits  one  to  establish  a  balance  be- 
tween muscovite,  orthoclase,  and  kaolinite.  The  result- 
ant molecular  norm  is  a  better  approximation  of  the 
actual  mineral  content  of  the  graywacke,  but  as  no 
K  is  assigned  to  celadonite,  illite,  or  other  K-bearing 
clay,  there  is  too  much  normative  muscovite,  or  in 
some  cases,  too  much  orthoclase. 

The  molecular  norms  calculated  by  this  method 
ha\c  been  used  to  construct  t\\ o  ternary  diagrams,  fig- 
ures 8  and  9,  which  serve  to  give  a  visual  impression 
of  the  components  and  variations  in  Franciscan  gray- 
wacke. 

Figure  8,  on  which  the  corners  are  quartz,  total  feld- 
spar, and  "rest,"  indicates  the  ratio  of  quartz  to  total 
feldspar,  including  the  feldspar  in  rock  fragments  as 
well  as  in  monomineralic  grains,  ranges  from  3:2  to 
1:3.  It  also  shows  the  mafic  components  range  from  10 


Figure  9.  Ternory  diagram  showing  normotive  quartz,  orthoclase, 
plagioclase,  and  "rest"  in  21   Franciscan  graywackes. 

to  32  percent,  although  the  inclusion  of  13.6  percent 
calcite  with  the  "rest"  of  one  of  the  samples  makes  it 
appear  to  have  44  percent  mafics.  Other  norms  and 
modes  gleaned  from  the  literature  are  also  shown  in 
the  diagram. 

Figure  9,  with  corners  of  quartz,  orthoclase,  and 
plagioclase,  shows  each  sample  as  a  triangle,  with  the 
side  opposite  a  corner  indicating  the  percent  of  that 
corner  component.  As  the  values  used  for  quartz, 
orthoclase,  and  plagioclase  are  true  percents,  rather 
than  recalculated  so  as  to  add  to  100  percent,  the  size 
of  the  triangle  indicates  the  amount  of  other  com- 
ponents. The  range  in  quantity  of  each  of  the  apex 
components  can  be  read  from  the  diagram,  and  it  is 
interesting  that  there  is  no  apparent  trend  toward  a 
change  in  the  mafic,  or  "rest,"  component  with  a 
change  in  any  of  the  other  three  main  components. 

As  these  diagrams  are  almost  entirely  based  on  recal- 
culation of  analyses  they  may  not  accurately  repre- 
sent the  exact  mineral  composition  of  any  of  the  rocks, 
but,  owing  to  the  difficulties  of  making  precise  point 
counts  of  sections,  or  grain  counts  based  on  mineral 
separations,  the  results  may  be  as  accurate  as  modal 
analyses.  In  any  event,  they  show  well  the  range  in 
mineral  composition  present  in  the  Franciscan  gray- 
wackes. 

Origin.  In  summary,  graywackes  of  the  Franciscan 
eugeosynclinal  assemblage  are  similar  in  texture  and 
composition  to  orogenic,  eugeosynclinal  deposits 
found  in  other  parts  of  the  world.  The  vast  volume  of 
terrigenous  material,  as  well  as  the  great  thickness 
locally  of  individual  beds  and  the  presence  of  a  high 
matrix-content,  points  to  a  very  rapid  deposition  or 
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"pouring-in"  of  the  sedimentary  material.  The  absence 
of  interiayered  limestone  or  calcareous  cement  in  most 
of  the  Franciscan  also  suggests  continuous  and  rapid 
deposition.  Lack  of  rounded  quartz  and  feldspar  grains, 
as  well  as  the  high  percentage  of  labile  rock  fragments, 
indicates  rapid  mechanical  erosion  of  a  nearby  source 
area.  The  low  FeoO.i/FeO  ratio  and  paucity  of  inter- 
layered  clay  beds  also  indicate  the  lack  of  chemical 
weathering  in  the  source  area.  Apparently  marine  con- 
ditions prevailed  throughout  the  deposition  of  Fran- 
ciscan rocks,  and,  although  graded  beds  and  sole  mark- 
ings are  not  commonly  seen,  the  sandstone  textures, 
the  lack  of  large-scale  crossbedding  and  ripple  marks, 
as  well  as  the  absence  of  an  indigenous  shelly  fauna, 
point  to  turbidity  current  and  fluxo-turbidity  current 
deposition  in  a  decpwater  environment  (Dzulynski 
and  others,  1959).  A  few  scattered  observations  show 
a  general  north-south  orientation  of  current-produced 
sole  markings,  but  reliable  observations  showing  cur- 
rent direction  are  so  few  that  no  conclusion  regarding 
direction  of  source  should  be  made  now  on  this  basis. 

The  nature  of  the  source  area  from  wiiich  the  Fran- 
ciscan sediments  were  derived  is  imperfectly  under- 
stood. The  lithic  fragments  indicate  a  mixed  crystal- 
line and  sedimentary  terrane,  and  the  presence  locally 
of  volcanic-rich  graywacke  and  tuffaceous  beds  points 
to  a  volcanic  source  for  some  of  the  sediments ,  JMuch 
of  the  latter  material,  however,  may  have  been 
derived  from  penecontemporaneous,  intra-Franciscan 
volcanism. 

The  Franciscan  graywacke  is  similar  to  other  gray- 
wackes  in  having  a  KjO/Na-O  ratio  of  less  than  1.0 
(Petti)ohn,  1957;  Aliddleton,  1960,  p.  1017),  and  in 
having  albitc  as  the  dominant  feldspar.  The  reason  for 
the  low  KoO/Na-O  ratio,  both  in  the  Franciscan  and 
other  similar  units,  is  not  understood,  but  Middleton 
(1960,  p.  1017,  1018)  has  suggested  the  three  follow- 
ing possible  explanations: 

1.  Soda-rich  source  rocks.  Alkaline  granite,  quartz  diorite, 
granodioritc,  andesite,  basalt,  spilite,  and  granite  gneiss  would 
provide  a  ratio  of  less  than   1.0. 

2.  Regional  soda  nietamorphism.  Little  support  is  given  to 
this  idea  because  of  the  lack  of  petrographic  evidence  point- 
ing to  this  mechanism. 

3.  Incomplete  weathering  of  source  rocks.  Little  favor  is 
given  tliis  concept  because  K-feldspars  are  more  resistant  to 
normal  weathering  than  are  plagioclase  feldspars,  and  Na.,0 
is  removed  from  rocks  during  weatlicring  at  least  as  rapidly, 
and  commonly  more  rapidly,  than  K^O. 

To  this  list  should  also  be  added  the  possibility  of 
derivation  either  from  a  suite  of  older  eugeosynclinal 
rocks  with  similar  characteristics,  or  from  their  meta- 
morphosed equivalents. 

Middleton  (1960,  p.  1018)  concludes  that  "*  *  * 
the  peculiar  characteristics  of  high-rank  graywackes 
are  a  result  of  a  partial  volcanic  (spilitic)  provenance, 
combined  with  rapid  erosion  and  little  chemical 
weathering."  This  statement  is  obviously  applicable  to 
the  Franciscan  gra\\vackes,  but  certainly  does  not 
explain  fully  their  anomalous  composition. 


Alteration.  Much  of  the  Franciscan  graywacke  has 
not  been  appreciably  altered  or  sufficiently  metamor- 
phosed for  it  to  contain  discernible  new  minerals  or 
to  have  developed  schistosity.  In  some  areas,  however, 
the  graywacke  has  been  subjected  to  various  kinds 
of  alteration,  more  drastic  than  those  that  can  be 
attributed  to  diagenesis.  One  cannot  always  be  sure 
what  kind  of  alteration  is  involved,  and  some  of  the 
most  carefully  studied  changes  have  been  ascribed  to 
different  types  of  metamorphism  or  alteration  by  dif- 
ferent geologists.  However,  there  is  general  agreement 
that  regional  or  load  metamorphism,  contact  meta- 
morphism, pneumatolvtic  alteration,  and  hydrothermal 
alteration  have  each  affected  the  graywackes  in  certain 
local  areas.  The  most  widespread  alteration  of  the 
graywacke  is  the  result  of  regional  or  load  meta- 
morphism, but,  as  this  type  of  metamorphism  also 
affects  the  other  rocks  of  the  assemblage,  it  is  discu.ssed 
at  considerable  length  under  the  separate  heading  of 
Mctaviorphic  rocks.  In  this  part  of  the  text,  some 
metagra\-wackes  formed  by  regional  metamorphism 
are  mentioned  briefly  because  they  resemble  the  un- 
altered graywacke  so  closely  that  their  mctamorphic 
character  may  not  be  recognized;  however,  the  main 
discussion  here  will  deal  M'ith  the  alterations  brought 
about  b\'  processes  that  are  more  local. 

Regional  metamorphism  of  Franciscan  gra>'wacke 
under  conditions  of  only  static  load  and  deep  burial  I 
may  result  in  the  formation  of  nonschistose  rocks, 
which  superficially  appear  unmetamorphosed  but  are 
properly  assigned  to  either  the  zeolite  or  blueschist 
metamorphic  facies.  Graywackes  that  should  be  as- 
signed to  the  zeolite  facies  can  generally  be  recognized 
by  the  presence  of  white,  sugary  veins  of  laumontite. 
Graywackes  that  have  been  subjected  to  blueschist 
facies  metamorphism  may  contain  either  jadeite  or 
glaucophane,  depending  on  how  soda  released  by  the 
breakdown  of  plagioclase  has  been  recombincd.  Aleta- 
graywackes  containing  glaucophane  are  normall\'  rec- 
ognizable because  even  a  little  glaucophone  gives  the 
rocks  a  bluish  cast,  but  unsheared  graywackes  that  are 
extensivelv  jadeitized  are  not  readil\'  recognized.  They  '^ 
are,  ho^\'ever,  heavier  than  normal  gra\'wacke,  and  we 
have  found  that  all  gra\'wackes  with  a  specific  gravity 
greater  than  2.70  contain  metamorphic  minerals  and 
are  reall\'  metagraywackes. 

Graywacke  altered  by  contact  metamorphism  is 
rare,  as  are  situations  where  one  might  expect  this 
kind  of  alteration.  Virtually  no  granitic  rocks  intrude 
the  Franciscan  graywacke,  intrusive  Franciscan  mafic 
rocks  are  uncommon,  as  are  more  acid  Tertiary  intru- 
sives,  and  apparently  most  of  the  ultramafic  masses 
were  injected  plastically  as  serpentine  at  temperatures 
far  below  their  melting  point.  However,  Chcstcrman 
(1960)  has  carefull_\-  described  graywacke  at  Leech 
Lake  Alountain  (Covelo  quadrangle)  in  which  new 
minerals  are  formed  by  contact  metamorphism  along 
the  margins  of  serpentinized  pcridotite  sills.  He  found 
that  in  the  gra\\\  acke  within  a  foot  of  the  ultramafic 
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intrusive  diopside-jadeite  is  abundant,  and  mafic  rock 
fragments  have  been  destroyed;  at  about  a  foot  from 
the  contact  the  pyroxene  is  aegirine  and  minor  blue 
amphiboie  is  present.  Three  feet  from  the  contact 
giaucophane  has  given  way  to  actinoHte,  and  15  feet 
from  the  contact  a  blue-green  hornblende  is  present. 
In  this  area  other  graywacke  engulfed  in  the  peridotite 
has  been  converted  to  rodingite  containing  a  diopside- 
jadeite-acmite  pyroxene.  The  development  of  a  little 
blue  amphiboie  in  the  contact  rocks  is  of  particular 
interest,  as  many  geologists  have  attributed  the  orgin 
of  the  giaucophane  schists  of  the  Coast  Ranges  to 
metamorphism  that  is  related  to  mafic  and  ultramafic 
intrusives,  though  they  also  generally  suggest  that  the 
process  is  pneumatohtic  and  involves  the  introduction 
of  material. 

Pneumatolytic  alteration  of  graywacke,  involving 
introduction  or  loss  of  elements,  may  be  difficult  to 
distinguish  from  regional  metamorphism,  in  which 
there  is  often  some  limited  migration  of  elements  but 
no  overall  change  in  the  chemical  composition  of  the 
entire  rock  mass.  The  formation  of  giaucophane  schists 
has  been  attributed  by  Taliaferro  (1943b,  p.  175)  and 
others  to  pneumatolytic  alteration,  but  it  is  the  writers' 
belief  that  analyses  generally  indicate  these  schists  are 
comparable  in  chemical  composition  to  the  rocks  from 
which  they  were  derived  (table  14a  and  b).  These 
glaucophane-bearing  metagraywackes  and  schists  are 
therefore  treated  as  products  of  isochemical  reactions 
in  the  later  section  on  metamorphic  rocks.  Veins  of 
quartz,  calcite,  albite,  and  adularia  occur  rather  com- 
monly in  the  Franciscan  graywackes,  and  they  too 
have  been  cited  as  evidence  of  pneumatolytic  altera- 
tion. However,  these  veins  can  be  equally  well  ex- 
plained as  resulting  from  local  solution  of  minerals  in 
the  graywacke,  and  they  may  provide  one  of  the 
earliest  indications  of  load  metamorphism.  The  veins 
are  most  common  in  areas  containing  some  metamor- 
phic rocks  but  are  more  widespread  than  the  limits 
of  regionally  metamorphosed  graywacke  now  recog- 
nized. Unfortunately,  no  one  has  yet  systematically 
mapped  their  distribution  even  throughout  the  extent 
of  a  single  15-minute  quadrangle.  Though  pneuma- 
tolytic alteration  appears  to  us  to  be  uncommon,  some 
unusual  Franciscan  rocks  have  unquestionably  been 
enriched  in  boron.  The  most  striking  examples  are 
tourmalinized  graywackes  at  the  East  Peak  of  Mount 
Tamalpais,  in  Marin  County,  mentioned  by  Rice 
(1960).  In  the  most  altered  graywacke,  tourmaline 
amounts  to  more  than  50  percent,  and  adularia  is  also 
a  major  constituent.  As  the  rocks  are  vuggv,  they  are 
believed  by  Rice  to  have  been  altered  when  at  shallow- 
depth.  Another  boron-bearing  silicate,  axinite,  has  been 
found  in  veins  with  prehnite  a  few  miles  farther  west 
at  Stinson  Ranch.  Axinite  veinlets  also  are  reported 
to  occur  in  the  Trout  Creek  manganese  mine  ores, 
Black  Rock  Mountain  quadrangle,  Trinity  County 
(Hewett  and  others,  1961,  p.  58).  In  none  of  these 
areas  is  there  any  nearby  intrusive  igneous  rock  that 
can  be  regarded  as  the  source  of  the  boron. 


Hydrothermal  alteration  has  modified  Franciscan 
graywacke  over  areas  ranging  in  size  from  a  few  square 
feet  to  nearly  a  square  mile  (Bailey,  1946,  p.  214;  Yates 
and  Hilpert^  1945,  p.  22,  1946,  p.  253).  Most  of  the 
larger  areas  of  alteration  are  in  the  vicinity  of  mercury 
deposits,  but  some  that  are  obviously  related  to  Ter- 
tiary volcanism  contain  no  known  mercury  minerals, 
and  still  other,  generally  small,  areas  can  be  related 
only  to  fault  zones.  In  the  Eastern  Mayacmas  mercury 
district.  Lake  and  Napa  Counties,  hydrothermally  al- 
tered graywacke  is  widespread  and  particularly  well 
developed  near  the  Oat  Hill  mine.  In  the  Western 
Mayacmas  district  altered  graywacke  occurs  about 
some  of  the  mercury  mines,  but  the  alteration  is  con- 
siderably more  pronounced  along  a  zone  of  more 
recent  hydrothermal  activity  that  includes  The  Gey- 
sers and  the  Little  Geysers  but  contains  only  minor 
amounts  of  mercury.  In  Lake  County  hydrothermally 
altered  graywacke  is  prominent  along  a  fault  that  ex- 
tends from  Bartlett  Springs  northwest  to  Crabtree  Hot 
Springs  in  Lake  Pillsbury  quadrangle.  The  alteration 
seems  to  have  been  most  intense  near  Bartlett  Springs, 
but  only  at  Crabtree  Hot  Springs  has  a  little  quick- 
silver and  arsenic  mineralization  been  noted  (Fair- 
banks, 1893b,  p.  61). 

Areas  of  hydrothermal  alteration  can  generally  be 
recognized  readily,  because  the  alteration  leads  to  a 
bleaching  of  the  graywacke,  and  also,  in  most  areas, 
to  the  development  of  closely  spaced  veinlets  of 
quartz,  ferroan  dolomite,  calcite,  or  siliceous  limonite. 
The  bleaching  of  the  rocks  is  a  result  of  removal  of 
iron,  which  may  go  into  a  carbonate,  or  an  oxide,  or 
combine  with  sulfur  to  form  pyrite.  A  more  subtle 
and  more  pervasive  change  is  the  alteration  of  the  feld- 
spars to  clay  minerals,  and,  in  the  most  extreme  altera- 
tion, quartz  is  lost  so  that  the  final  product  is  largely 
clay.  The  particular  cla\'  mineral  formed  is  different 
from  place  to  place,  but  the  clays  from  only  a  few 
areas  have  been  adequately  studied.  Pre- 1950  reports 
refer  to  kaolin  or  kaolinitization,  but  because  these 
minerals  were  identified  without  benefit  of  X-ray 
techniques,  they  probably  should  be  discounted.  We 
found  that  greasy  graywacke  from  the  Culver-Baer 
mine,  Sonoma  County,  consisted  largely  of  montmor- 
illonite,  with  minor  kaolinite  and  chlorite.  Julius 
Schlocker  (oral  communication,  March  1961)  found 
that  in  the  San  Francisco  area  some  graywackes  have 
been  completely  altered  to  kaolinite  group  minerals, 
others  contain  abundant  montmorillonite,  and  in  still 
others  the  end  product  is  a  chlorite  rock,  or  a  mixture 
of  chlorite,  random  layered  chlorite  and  mica,  and  talc. 
He  also  found  that  pyrite  is  generally  formed  as  a 
result  of  hydrothermal  alteration.  D.  E.  White  (oral 
communication,  March  1961)  reports  yet  a  different 
type  of  hydrothermal  alteration  at  the  Sulphur  Bank 
mine.  Lake  County,  where  clays  are  absent  below  the 
water  table,  but  where  an  ammonium-bearing  mineral, 
apparently  a  feldspar  ^  or  zeolite,  has  replaced  the  origi- 

'  A    new   mineral,   named    buddingtonite;   see    Erd,   R.C.,   and 
others;    Am.   Mineralogist,   v.   49,   p.   831-850. 
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nal  plagioclase  of  the  graywacke.  In  The  Geysers  area, 
in  eastern  Sonoma  County,  J.  R.  McNitt  (written 
communication,  1961)  found  acid  leaching  in  the  oxi- 
dation zone  converted  Franciscan  graywacke  into  a 
porous  mass  of  alunite,  opal,  and  residual  quartz;  below 
the  oxidation  zone  the  hydrothermal  alteration  of  the 
graywacke  resulted  in  the  formation  of  pyrite,  the 
growth  of  sericite  in  the  groundmass  and  feldspar 
grains,  and  the  deposition  of  calcite  and  quartz  in 
fractures.  Both  kaolinitc  and  dickite  were  identified  in 
muds  thrown  from  the  steam  wells. 

Shale 

Shale,  including  siltstone,  probably  amounts  to  about 
10  percent  of  the  Franciscan  sedimentary  rocks.  It  has 
been  so  little  studied  that  no  definitive  description  is 
now  possible  nor  is  the  relative  abundance  of  siltstone 
and  claystone  known.  It  is  obvious,  however,  that 
there  are  two  unlike  and  readily  distinguishable 
varieties  of  shale— a  dark-gray  to  black  variety  occur- 
ring chiefly  interbedded  with  graywacke,  and  a  red  or 
green  ferruginous  varict)'  occurring  interbedded  with 
chert.  Because  the  latter  is  restricted  in  its  distribution 
and  clearly  has  an  origin  closely  related  to  that  of  the 
chert,  it  is  discussed  in  this  report  along  with  the  cherts 
and  is  omitted  from  the  following  description. 

Occurrence  and  megascopic  features.  The  Fran- 
ciscan shale,  though  generally  dark  gray  or  black,  is  in 
some  places  a  grayish  tan  or  even  olive  color,  and  these 
rocks  tend  to  weather  to  still  lighter  shades.  However, 
weathered  shale  usually  is  not  seen  in  outcrop  because 
of  soil  cover,  and  natural  exposures  that  are  pre- 
dominantly shale  are  uncommon.  Shale  is  best  seen 
where  it  forms  thin  scams  between  much  thicker 
layers  of  graywacke,  but  locally  it  forms  units  a  few 
feet  thick.  Sections  of  still  greater  thickness  with  only 
a  few  interbeds  of  graywacke  arc  unusual  in  the  Fran- 
ciscan, but  some  beds  as  much  as  .^00  feet  thick  have 
been  reported.  Where  shale  is  especially  abundant  it 
forms  a  zone  of  structural  weakness  that  is  readily 
crumpled  and  sheared,  and  in  many  roadcuts  what  may 
once  have  been  sections  of  shale  a  few  hundred  feet 
thick  are  now  seen  to  be  so  disturbed  that  no  estimate 
of  initial  thickness  is  possible.  AVidesprcad  shearing 
may  also  partly  account  for  the  general  absence  of 
graded  bedding,  which  seems  to  be  common  only  in 
the  somewhat  unusual,  graywacke-shalc  sequence  east 
of  Mount  Hamilton. 

The  shales  are  normally  fissile  and  dull  in  luster,  but 
in  some  areas  they  are  phyllitic  and  shiny,  apparenth 
because  of  an  increase  in  the  size  of  micas.  Although 
the  shales  arc  highly  folded  in  many  places,  slaty  cleav- 
age has  been  observed  only  in  western  Tehama  County 
in  an  area  where  the  graywacke  has  been  converted  to 
a  semischist. 

Microscopic  features.  Mineralogically  the  Fran- 
ciscan shales  seem  to  be  quite  similar   to   the   gray- 


vvackes,  with  a  high  proportion  of  angular  mineral  or 
rock  fragments  and  onl%'  a  small  amount  of  clay 
minerals.  The  mineral  grains  that  can  be  identified  in 


Table  5. 


Analyses  of  shales  accompanying  graywackes 
in  the  Franciscan. 
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I.  Ininciscan  black  siltstone  (NA-315)  from  Fern  Hill,  New  Almadcr. 
district,  Santa  Clara  County,  Calif.  Analysis  by  Mrs.  A.  C.  Vlisidis,  U.S. 
(icolo^ical  Survey. 

2  4.  By  rapid  rock  analysis  method  described  in  U.S.  Gcol.  Survey  Bull 
lOSft-C.  Analyses  by  P.  L.  D.  Elmore,  S.  D.  Botts,  I.  H.  Barlow,  ami 
Ciillison  Chloe. 

2.  Franciscan  siltstone  (SF-1140)  from  North  Broadway  Tunnel  at  :. 
point   150  ft  east  of  center  line  of  Jones  Street,  San  Francisco,  C^alif. 

i.  Franciscan  shale  (SF2126)  from  quarry  1200  ft  NW  of  Point  Sar 
IVdro,  San  Quentin  quadranKle,  Marin  Countv,  Calif. 

4.  Franciscan  metashale,  south  side  of  State  Highway  152  at  B.M.  950. 
2,800  ft  \V.  of  east  edge  of  Pacheco  Peak  quadrangle,  Santa  Claru 
County,   Calif. 

5.  Average  of  1-4. 

6.  Average  of  78  shales  (Clarke,  1924,  p.  6.?1).  Not  included  are  0.05 
Hat)  and  0.81   C. 
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thin  section  are  the  same  as  those  in  the  graywacke, 
being  chiefly  quartz  and  feldspar,  and  fine-grained 
chlorite  and  scricite.  Tiic  principal  clay-size  constitu- 
ents were  determined  by  X-ray  on  about  two  dozen 
samples  from  the  San  Francisco  area  by  J.  Schlocker. 
He  reports  (oral  communication,  1963)  that  in  the 
gray,  green,  or  black  shales  mica  generally  pre- 
dominates, chlorite  is  normally  also  abundant,  and 
kaolinite  is  either  absent  or  very  minor.  Both  the  mica 
and  chlorite  may  contain  some  expandable  lavcrs.  In 
tan  shales,  which  are  presumed  to  be  weathered, 
mixed-layer  mica-montmorillonite  or  vermiculite  pre- 
dominates and  ma\-  amount  to  as  much  as  90  percent 
of  the  fine  fraction.  Although  the  fresh  shales  are  dark 
in  color,  the  organic  content  is  probabK-  low  except  in 
those  varieties  showing  obvious  carbonized  plant  re- 
mains. Authigenic  pyrite  is  rarely  found.  Un- 
commonly the  shales  are  calcareous,  and  limestone 
nodules  have  been  found  in  only  a  few  places.  Unusual 
phosphatic  nodules  were  found  in  shales  in  San  Fran- 
cisco by  Julius  Schlocker  (oral  communication,  1962). 

Cbeviical  feanires.  Chemical  analyses  of  four  Fran- 
ciscan shales  are  shown  in  table  3,  along  with  their 
average  and  an  average  of  78  other  shales  for  com- 
parison. Both  anhydrous  and  hydrous  norms  for  these 
are  included,  as  it  is  often  more  convenient  to  compare 
normative  minerals  than  oxide  percents.  These  Fran- 
ciscan shales  difi^er  from  the  given  average  shale  in 
rhat  they  contain  more  silica,  have  a  smaller  potash  to 
soda  ratio,  and  have  a  ferric  to  ferrous  iron  ratio 
that  is  not  only  smaller  but  generally  less  than  1.  In 
these  respects  Franciscan  shales  are  more  like  the  aver- 
age Franciscan  graywacke  (see  table  1,  and  fig.  14). 
It  is  interesting  that  in  the  standard  catanorm  all  riic 
shale  samples  have  considerable  orthoclase,  but  in 
contrast  to  the  gra\\\ackes,  all  the  normative  ortho- 
clase can  be  converted  to  muscovite  if  the  combined 
water  is  used  in  forming  a  normative  mineral  assem- 
blage. This  is  partly  the  result  of  the  shales  contain- 
ing more  combined  water,  but  it  results  chiefly  from 
their  containing  somewhat  more  alumina,  which  is 
also  shown  by  the  larger  amount  of  corundum  (C)  in 
the  standard  catanorm. 

Conglomerate 

Conglomerates  are  invariably  reported  to  be  "rare" 
or  "uncommon"  in  the  assemblage  of  Franciscan  rocks, 
but  they  are  so  widespread  that  they  were  noted  in 
nearly  every  15-minute  quadrangle  in  which  Fran- 
ciscan rocks  have  been  mapped.  Their  t\pical  occur- 
rence is  as  lenses  a  few  tens  of  feet  thick  and  exposed 
over  lengths  of  a  few  hundred  feet  or  less;  however, 
the  largest  exposure  reported  is  a  lens  2,000  feet  long 
and  75  feet  thick  in  the  section  west  of  Mount  Hamil- 
ton. Because  the  conglomerate  is  so  limited  in  extent, 
none  of  the  maps  referred  to  in  this  study  shows  it 
\\  itii  a  separate  lithologic  symbol. 


The  matrix  of  the  conglomerate  is  everywhere  gray- 
wacke and  is  generally  regarded  to  be  the  same  as 
in  the  enclosing  graywacke  beds.  The  largest  boulders 
reported  have  a  maximum  dimension  of  2  Vi  feet;  the 
average  size  of  the  clasts  is  between  1  and  4  inches.  No 
general  trend  toward  an  increase  in  either  the  average 
or  maximum  size  of  pebbles  or  boulders,  either  across 
or  along  the  area  of  deposition,  is  apparent  to  us, 
although  Taliaferro  (1943a,  p.  140,  143)  stressed  a 
westward  coarsening  as  indicating  derivation  from  a 
landmass  to  the  west. 

The  clasts  of  the  conglomerate  can  be  conveniently 
grouped,  as  shown  in  figure  10,  into  one  of  two  cate- 
gories: (1)  lithic  types  that  were  not  formed  original!)- 
as  part  of  the  Franciscan  and  must  have  been  brought 
into  the  depositional  area,  and  ( 2 )  lithic  types  that  are 
present  in  the  Franciscan  and  thus  indicate  either  can- 
nibalism of  previously  deposited  Franciscan  rocks  or 
introduction  of  similar  foreign  rocks.  Included  in  the 
first  category  are  quartzite,  black  chert,  and  various 
quartz  and  feldspar  porph\  ries  which  form  a  promi- 
nent part  of  most  of  the  Franciscan  conglomerates. 
Granite,  quartz-diorite,  and  granitic  rocks  of  inter- 
mediate composition  also  are  assigned  to  the  first 
category,  because  the  Franciscan  is  not  known  to  be 
intruded  by  granite.  In  the  second  category  are  in- 
cluded graywacke,  shale,  red  and  green  chert,  mafic 
volcanic  rocks,  and  glaucophane  schist.  It  will  be  noted 
in  figure  10  that  most  conglomerates  in  the  area  south 
of  Sebastopol  contain  some  of  these  possibly  intra- 
formational  rocks  along  with  rocks  of  the  first  cate- 
gory, but  a  few  Franciscan  conglomerates,  such  as 
those  of  the  Tesla  quadrangle,  consist  entirely  of  rocks 
that  could  have  an  intraformational  source.  It  is  per- 
haps also  significant  that  the  areas  containing  conglom- 
erates with  clasts  of  possible  intraformational  origin 
are  also  the  areas  containing  granitic  pebbles  and 
boulders. 

Only  unusually  hard  and  resistant  varieties  of  rocks 
comprise  the  clasts  that  must  have  an  extraformational 
source,  and  they  are  invariably  well  rounded  and  in 
places  polished.  In  contrast,  several  of  the  rocks  of 
possible  intraformational  origin,  such  as  the  gray- 
wackes  and  shales  which  are  relatively  easih'  broken 
and  abraded,  commonlv  also  occur  as  subrounded  to 
angular  fragments.  The  extraformational  clasts  have 
obviously  been  abraded  much  more  than  those  of 
possible  intraformational  origin.  The  extraformational 
clasts  have  been  transported  in  streams  or  rivers  for 
at  least  tens  of  miles,  or  traveled  shorter  distances  and 
become  stagnant  along  a  shoreline  where  they  were 
subject  to  wave  action,  or  are  second  generation 
pebbles  reworked  from  older  conglomerates.  Con- 
versely, the  pebbles  of  possible  intraformational  origin 
have  not  received  such  intense  abrasion.  The  origin 
of  conglomerates  composed  only  of  the  hard  extra- 
formational pebbles  can  be  readily  explained  by  sev- 
eral hypotheses,  but  that  of  conglomerates  composed 
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of  these  and  intraformational  rocks  are  more  restricted 
as  to  possible  origin. 

The  conglomerates  provide  clues  to  the  origin  and 
depositional  environment  of  the  Franciscan  assemblage 


of  rocks  even  though  they  form  a  very  minor  part 
of  tlic  entire  unit.  The  anomaly  presented  by  the  con- 
glomerates composed  of  pebbles  of  mixed  origin  has 
been  pointed  out;  other  unusual  features  of  the  con- 
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glomerates  are:  ( 1)  their  very  rare  occurrence,  both  in 
time  and  space,  yet  widespread  distribution,  (2)  their 
coarseness,  especially  as  related  to  the  small  size  of  the 
conglomerate  lenses,  and  (  3 )  the  unsorted  or  unwashed 
character  of  their  matrix.  The  last  two  of  these  fea- 
tures are  readily  explained  by  postulating  that  the 
conglomerates  were  moved  to  their  position  by  density 
currents  moving  normally  to  the  axis  of  the  basin. 
Aiixed  conglomerates  might  be  expected  in  areas  where 
the  margin  of  the  basin  was  uplifted  to  form  a  shore- 
line subject  to  wave  action  near  the  mouth  of  a  river 
carr\'ing  extraforniational  rocks.  Whatever  the  origin 
of  the  conglomerates,  the>'  represent  an  unusual  event 
happening  infrequently  and  at  widely  spaced  locali- 
ties, but  repeated  many  times  during  the  depositional 
period. 

The  presence  of  quartzite,  black  chert,  and  porph)- 
ries  has  been  pointed  to  as  an  indication  of  a  western 
source  by  Taliaferro  (1943a,  p.  143).  We  believe  that 
the  quartzite  and  black  chert  might  well  have  been 
derived  from  erosion  of  Paleozoic  and  low  er  iMesozoic 
rocks  of  the  western  Sierra  Nevada  and  the  Klamath 
Mountains,  or  by  reworking  of  pebbles  from  older 
formations  found  in  these  areas,  as,  for  example,  con- 
glomerate of  the  Bragdon  Formation  of  iXIississippian 
age  (Kinkel  and  others,  1956,  p.  40).  The  porphyries 
bear  some  resemblance  to  the  volcanic  rocks  of  Juras- 
sic age  in  the  central  Sierra  Nevada,  although  their 
quartz  content  seems  to  be  somewhat  higher,  and  they 
also  resemble  the  Balaklala  Rhyolite  of  Devonian  age 
in  the  Klamath  Mountains  (Kinkel  and  others,  1956, 
p.  17-32). 

Most  of  the  rocks  that  might  be  of  intraformational 
origin  also  might  have  been  derived  from  erosion  of 
the  Paleozoic  and  lower  Mesozoic  formations  of  the 
Sierra  Nevada  and  Klamath  Mountains.  However,  the 
source  of  some  which  appear  on  hand  lens  examination 
to  be  nondiagnostic  probabl\'  could  be  determined 
if  they  were  adequatch-  studied  in  thin  section.  For 
example,  colored  cherts  from  pre-Franciscan  rocks 
may  contain  radiolaria  that  differ  from  those  in  Fran- 
ciscan cherts,  and  the  mineral  assemblages  of  some  of 
the  pre-Franciscan  metamorphic  rocks,  if  worked  out 
in  detail,  doubtless  will  be  found  to  differ  from  the 
assemblages  found  in  the  Franciscan.  ProbabI)'  the 
onK-  kind  of  rock  that  can  be  positively  identified  in 
the  field  and  confidently  interpreted  as  being  derived 
from  erosion  of  Franciscan  terrane  is  glaucophane 
schi,st,  which  is  highly  uncommon  in  the  Sierra  Nevada 
and  Klamath  A4ountains,  although  parts  of  the  South 
Fork  Mountains  contain  crf)ssite-epidote  schist.  How- 
ever, jadeitized  graywacke  would  have  the  same  sig- 
nificance, if  it  could  be  recognized. 

Glaucophane  schists  are  reported  to  be  present  in 
the  conglomerate  in  the  area  east  of  Mount  Hamilton 
(Maddock,  1955;  Soliman,  1958),  in  Belmont  and  San 
Carlos  (Schlocker,  oral  communication,  1960),  and  in 


the  core  of  Mount  Diablo  (Davis,  1918b);  we  have 
also  found  these  schists  in  the  New  Idria  diapiric  mass 
and  in  the  massive  conglomerate  of  the  "coastal  belt 
rocks"  along  Buckeye  Creek  (Hopland  quadrangle) 
in  northern  Sonoma  County.  These  occurrences  seem 
to  offer  evidence  of  intraformational  erosion  and  re- 
deposition  of  preexisting  Franciscan  rocks  in  younger 
parts  of  the  same  unit.  Further,  considering  the  overall 
rarit\-  of  glaucophane  schist  in  the  Franciscan  terrane, 
it  is  a  reasonable  inference  that  Franciscan  conglom- 
erates containing  pebbles  of  glaucophane  schist  also 
contain  a  larger  proportion  of  other  intraformational 
rocks,  even  though  these  cannot  be  so  positively 
identified. 

VOLCANIC   ROCKS 

Occitvrence  and  megascopic  features.  N'olcanic 
rocks,  which  probably  comprise  about  10  percent  of 
the  Franciscan  eugeosynclinal  assemblage,  are  wide- 
spread, but  as  they  are  somewhat  erratically  distrib- 
uted in  space,  and  probablx'  also  in  time,  the  quantity 
present  in  an\'  area  the  size  of  a  15-minute  quadrangle 
ranges  from  as  little  as  1  percent  to  as  much  as  30 
percent  of  the  Franciscan  exposure.  Although  consid- 
erable uncertaint\-  exists  regarding  the  relative  ages  of 
the  various  exposed  sequences  of  Franciscan  rocks,  the 
volcanic  rocks  seem  to  be  least  common  in  an  old 
part  of  the  Franciscan  lying  east  of  Mount  Hamilton 
and  in  the  young  "coastal  belt"  of  Baile>'  and  Irwin 
(1959).  The  relative  abundance  of  volcanic  rocks 
within  the  Franciscan  geosyncline  shows  no  syste- 
matic variation  from  east  to  west  or  north  to  south. 

The  volcanic  rocks  clearly  include  large  amounts" 
of  both  massive  and  fragmental  types,  but  their  origi- 
nal character  in  many  places  is  difficult  to  ascertain 
because  of  their  altered  and  broken  condition.  Pillow 
lavas  are  common  and  wideK"  distributed.  Although 
some  sequences  hundreds  of  feet  thick  clearl\-  consist 
entirely  of  pillows,  the  more  common  exposures  of 
greenstone  contain  distinguishable  pillows  only  here 
and  there,  and  the  character  of  the  rest  of  the  mass 
is  uncertain.  Masses  described  as  flows  are  generally 
so  regarded  simply  because  they  do  not  show  features 
diagnostic  of  their  true  origin.  Others  described  as 
sills,  for  example  the  main  "sill"  on  Angel  Island  (Ran- 
some,  1894),  have  been  found  later  to  contain  pillow 
structure,  suggesting  an  extrusive  origin.  Good  ex- 
posures of  pillows  can  be  seen  along  the  west  side  of 
U.S.  Highway  101,  1 '/z  miles  north  of  the  Golden 
Gate  Bridge,  at  Squaw  Rock  5  miles  south  of  Hopland, 
or  in  quarries  5  miles  south  of  Willits.  Other  thick 
volcanic  sequences  are  largely  tuffs  or  tuft'  breccias 
made  up  of  altered  mafic  glass  and  fine-grained  vesicu- 
lar basalt  and  show  only  crude  bedding  and  sorting. 
Good  examples  can  be  seen  along  Los  Gatos  Creek 
just  south  of  Los  Gatos  (Los  Gatos  quadrangle),  or 
near  Bodfish  Creek  in  the  San  Juan  Bautista  quad- 
rangle (Allen,  1946,  p.  23). 
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Intrusive  plugs  and  dikes  must  also  be  numerous 
enough  to  have  served  as  feeders  for  the  various  wide- 
spread volcanic  extrusions,  but  only  a  few  have  been 
recognized.  Taliaferro  (1943a,  p.  147)  mentions  vent 
agglomerates  occurring  along  the  crest  of  the  Santa 
Lucia  Range  in  the  Cape  San  Martin  quadrangle,  and 
Huey  (1948,  p.  20)  describes  volcanic  necks  in  Arroyo 
Mocho,  Tesia  quadrangle.  The  intrusive  nature  of 
these  masses  has  been  inferred  from  crosscutting  rela- 
tions and  brecciated  borders,  but  such  criteria  must  be 
applied  with  caution  because  similar-appearing  green- 
stone masses  with  elliptical  shapes  and  brecciated 
borders  occur  in  shear  zones  where  their  form  and 
position  result  from  post-Franciscan  tectonic  move- 
ments. 


Photo     15    (below).  Franciscan 

Mountain,    Point   Reyes  quadrangle 

and    Point  Reyes   road.  Note   hamm 
for  scale. 


)illow     lava.     East    of     Black 

Marin    County,   on    Petaluma 

to   right  and    below   center 


The  volcanic  rocks  are  mafic,  and  all  are  at  least 
somewhat  altered,  so  that  it  is  customary  to  refer  to 
them  as  greenstones.  The  kind  and  degree  of  alteration 
is  variable  and  includes  zeolitization,  low-grade  meta- 
morphism  of  several  kinds,  spilitization,  possible  sea- 
water  reaction,  and  deuteric  alteration,  in  addition  to 
weathering.  So  widespread  are  these  alterations  that 
it  is  difficult  to  obtain  for  study  or  analysis  a  com- 
pletely unaltered  specimen,  and  it  is  difficult  to  isolate 
the  different  kinds  of  alteration  that  have  affected  the 
greenstone. 

In  spite  of  variations  in  degree  and  kinds  of  altera- 
tion, the  outcrops  of  the  volcanic  rocks  are  readily 
recognized,  and  some  of  the  varieties  such  as  pillow 
lavas  are  resistant  enough  in  many  places  to  form  bold 
outcrops,  craggy  e.xposures,  or  ridges.  Others,  such  as 
the  finer  grained  tuffs  or  highly  altered  and  fractured 
lavas,  are  no  more  resistant  than  the  Franciscan  gray- 
wacke  and  generally  form  rounded  hills  containing  few 
real  outcrops.  However,  the  reddish  soils  developed 
on  them  are  diagnostic  because  all  of  the  volcanic 
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rocks  contain  more  iron  than  is  found  in  the  surround- 
ing sediments. 

The  sizes  of  masses  of  volcanic  rock  indicate  ac- 
tivity ranging  from  single  isolated  extrusions  to  con- 
tinued eruption,  forming  extensive  volcanic  fields.  The 
thickest  accumulation  is  in  the  area  about  St.  John 
Mountain  in  the  Stonyford  quadrangle,  where  a  vol- 
canic pile  built  up  to  an  apparent  thickness  of  7,000 
feet  or  more.  In  the  Bitterwater  Creek  area,  southwest 
of  Panoche  Valley  in  San  Benito  County,  pillow  lavas 
accumulated  to  a  thickness  in  excess  of  5,000  feet.  An- 
other large  mass  of  volcanic  rocks,  with  minor  inter- 
layered  chert  and  clastic  rock,  is  found  in  the  Kelsey- 
ville  quadrangle;  it  has  not  been  mapped  in  detail  but 
appears  to  have  a  thicknes  in  excess  of  5,000  feet  and 
is  exposed  over  a  strike  length  of  nearly  20  miles.  In 
the  San  Juan  Bautista  quadrangle,  3,000  feet  of  agglo- 
merate is  overlain  by  1,600  feet  of  rocks  described  as 
basalt  flows  (Allen,  1946).  A  peninsula  bifurcating  the 
eastern  part  of  Clear  Lake  is  made  up  of  volcanic 
rocks  and  sediments  in  a  ratio  of  9:1  (Brice,  1953,  p. 


Photo    16    (above). 

Franciscan    pillow  lava   on    U.   S.    Highway 

101    north    of   Golden 

Gate    bridge.    Note    abundance    of    matrix 

material  between  pillc 

ws. 

17)  with  an  apparent  thickness  of  5,000  feet.  In  many 
other  areas  in  both  the  northern  and  southern  Coast 
Ranges,  the  volcanic  rocks  have  local  thickness  in  ex- 
cess of  1,000  feet  and  are  exposed  over  areas  of  several 
square  miles.  However,  only  a  few  volcanic  fields  seem 
to  have  had  a  length  in  excess  of  10  miles.  In  dimen- 
sions, the  volcanic  piles  are  comparable  to  the  sea- 
mounts  of  the  Pacific  basin  described  by  Menard 
(1955a),  and  it  seems  reasonable  to  assume  that  at 
least  the  larger  piles  of  Franciscan  rocks  formed  similar 
structures. 

All  the  extrusive  volcanic  rocks  appear  to  have  been 
deposited  in  a  submarine  environment.  Evidence  for 
this  type  of  deposition  can  be  obtained  only  locally, 
but  there  is  no  contrary  evidence  indicating  subaerial 
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Photo   17. 
quadrangle. 


Smoll  pillow-like  mosses  of  greenstone  in  a   matrix  of  altered    glass.    Along    Rockpile    road    in    the    southeastern    part    of    the    Ornboun 


deposition.  Masses  with  pillow  structure  are  wide- 
spread, and  locally  these  contain  limestone  or  chert 
with  fossil  marine  microorganisms  in  the  spaces  be- 
tween the  pillows.  Crudely  bedded  volcanic  breccias, 
agglomerates,  and  tuffs  are  locally  interlayered  with  or 
grade  into  graywacke.  Features  that  would  indicate 
subaerial  eruption,  such  as  columnar  jointing  in  flows, 
have  not  been  noted,  but  as  most  of  the  lavas  are  much 
fractured,  in  part  by  later  tectonic  activity,  it  would 
be  difficult  to  detect  an\'  original  jointing.  Bombs, 
spherical  lapilli,  or  other  structures  indicating  sub- 
aerial  deposition  have  not  been  found.  Tuffs,  some 
even  with  striking  shardlike  texture,  occur  in  the  Fran- 
ciscan volcanics,  but  tlieir  limited  arcal  extent  relative 
to  their  thickness  indicates  they  probably  never  were 
airborne.  Thus,  while  there  is  no  reason  to  believe  the 
volcanic  rocks  could  not  have  built  up  to  a  great 
enough  thickness  to  have  emerged  as  islands,  there 
seems  to  be  no  evidence  indicating  this  happened. 


The  mode  of  submarine  eruption,  and  perhaps  also 
the  depth  of  the  eruption  below  sea  level  (Bailey  and 
McCallien,  1960,  p.  368-369),  strongly  influenced  the 
gross  structure  of  the  rock— that  is,  whether  it  is  mas- 
sive, in  pillows,  or  in  fragments— and  the  mode  of  erup- 
tion also  determined  the  texture  and  to  some  extent 
the  mineralogy  and  bulk  composition  of  the  green- 
stone. However,  owing  to  the  lack  of  detailed  studies, 
it  is  not  possible  to  correlate  variations  in  texture,  min- 
eralogy, and  chemical  composition  with  mode  of  oc- 
currence or  origin  in  more  than  a  very  general  way, 
though  such  a  study  would  appear  to  be  a  fruitful 
field  for  further  research. 

Microscopic  features.  The  greenstones  are  basaltic, 
with  plagioclase  and  augite  as  dominant  minerals.  The 
differing  development  of  crystals  of  these  rvvo  min- 
erals, either  with  or  without  interstitial  glass,  has 
yielded  a  variety  of  textures.  The  massive  greenstones 


1964] 


Franciscan  of  Western  California 


45 


Photo  19  (right).  Variolitic  greenstone  from  near  center  of 
pillow.  Radiol  groups  ore  pumpellyite  and  minor  albite;  light 
equont  crystals  ore  a  serpentine  mineral  replacing  olivine.  Some 
fine-grained  magnetite  is  also  present.  San  Francisco  North  quad- 
rangle  {60-805,   for   analysis   see  table   5,   column    1). 


Photo  18  (left).  Variolitic  greenstone  from  near  margin  of  a 
pillow.  Radial  crystals  are  pumpellyite  with  some  residual  albite. 
Small  dark  crystals  are  composed  of  a  serpentine  mineral  that 
hos  reploced  skeletal  crystals  of  olivine.  Much  larger  areas  of 
serpentine  replacing  well-formed  crystals  of  olivine  ore  also 
present  in  the  thin  section  but  ore  not  shown  in  this  view.  The 
skeletal  crystals  show  a  preferred  orientation  at  right  angles  to 
the  length  of  the  crystals  forming  the  variole,  and  thus  probably 
formed  later.  If  the  varioles  represent  crystal  growth  in  a  glass, 
the  skeletal  olivine  crystals  also  grew  in  a  glass  rather  than  in 
a  magma.  Veins  contain  pumpellyite,  chlorite,  ond  colcite.  Son 
Francisco    North    quadrangle    (60-807). 
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Photo  21  (right).  Tuffoceous  greenstone  composed  of  frag- 
ments of  oltered  basaltic  gloss,  glossy  bosolt,  ond  sparse  crystols 
of  ougite.  Plogiociose  laths  in  basalt  are  now  albite,  and  olbite 
also  occurs  in  the  vesicles  and  matrix.  Some  other  primary  open- 
ings ore  filled  with  quartz,  and  unusually  round  vesicles  ore 
filled  by  radial  aggregates  of  chlorite.  Matrix  is  largely  fine- 
grained chlorite  and  pumpellyite,  with  locally  albite  or  coclite. 
New   Almaden    quadrangle    (G-1). 


Photo  20  (left).  Tuffaceous  greenstone  composed  of  fragments 
of  altered  basaltic  gloss  in  a  matrix  that  probably  was  once 
minute  fragments  of  glass.  The  basaltic  gloss  is  now  chlorite 
clouded  in  many  places  by  minute  crystals  of  pumpellyite. 
Serpentine  minerals  replace  rare  crystals  of  olivine,  but  o  few 
crystals  of  ougite  ore  entirely  fresh.  Albite  occurs  as  crystals  in 
the  vesicles  and  replacing  the  matrix  between  altered  glass 
fragments.   New   Almaden    quadrangle   {NA   319). 
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Photo  22  (right).  Porphyritic  greenstone  with  calcic  andesine 
phenocrysts  partly  altered  to  a  mixture  of  kaolinite,  pumpellyite, 
and  albite.  Groundmass  is  largely  chloritized  (?)  glass  with 
abundant  amygdules,  many  of  which  contain  one  or  two  varieties 
of  chlorite.  Other  omygdules  contain  albite,  generally  accom- 
panied by  pumpellyite,  and  in  a  few  places  by  epidote  (?). 
Groundmass  glass  also  contained  feldspar  laths  now  altered  to 
aggregates  of  albite  and  pumpellyite.  Skoggs  quadrangle 
(58-91). 


Photo  23  (left).  Porphyritic  greenstone.  Phenocrysts  ore  lab- 
rodorite,  and  groundmass  consists  of  laths  of  andesine  and 
ougite  in  a  matrix  of  glass  altered  to  chlorite.  Amygdules  con- 
tain peripheral  chlorite,  pumpellyite,  and  calcite.  Skaggs  quad- 
rangle (59-454). 


48 


California  Division  of  Mines  and  Geology 


[Bull.  183 


Photo  24  (right).  Altered  tochylitic  tuff.  Initially  composed  of 
fragments  of  bosaltic  gloss,  some  of  which  contained  microlites 
of  feldspar  and  augite  (?),  in  a  cement  of  calcite,  but  now  all 
gloss  is  altered  to  chlorite.  Dominant  feature  is  preservotion  of 
jagged  edges  and  sharp  points  of  fragments.  This  is  interpreted 
to  indicate  the  fragments  were  formed  during  a  submarine 
eruption,  and  hove  neither  been  above  water  nor  subjected  to 
submarine  erosion  or  transport.  Probably  all  of  the  fragments 
result  from  a  single  eruption,  and  their  color  difFerences  result 
from  differences  in  degree  of  primary  crystallinity  and  vesicu- 
larity.  Los  Gatos  quadrangle  (NA  376). 


2  mm 


Photo  25  (left).  Diabasic  greenstone  with  large  anhedral 
crystals  of  fresh  augite  enclosing  euhedrol  tablets  of  plogiociose 
that  now  consist  of  olbite,  pumpellyite,  chlorite,  and  some  calcite. 
A  few  of  the  dork  areas  are  magnetite,  but  most  ore  leucoxene 
replacements  of  ilmenite.  Gray  patches  were  once  tochylite 
groundmass  but  are  now  chlorite.  Los  Gatos  quodrongle 
(NA   123). 
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Table  4.    Analyses  of  Franciscan  greenstones,  with  analyses  of  spilite  and  tholeiitic  basalt  for  co7nparison,  and  molecular  norms. 


I 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

SiOj       

49.08 

52.89 

47.8 

45.3 

51.28 

48.19 

46.3 

46.60 

48.8 

49.3 

46.98 

44.90 

46.52 

45.6 

43.8 

49.1 

51.22 

50.08 

50.83 

TiOs 

1   77 

1.12 

3.3 

2.6 

1.33 

1.94 

1.7 

2.87 

2.3 

1.6 

1.84 

0.92 

1.6 

1.5 

2.0 

3.32 

2.60 

2.03 

Al20j 

14.68 

13.20 

12.5 

13.5 

15.05 

13.85 

14.4 

15.28 

21.0 

17.3 

17.07 

9.94 

13.76 

14.0 

11.4 

13.8 

13.66 

13.73 

14.07 

FeiOi 

1  0^ 

4.93 

4.8 

6.4 

2.42 

2.82 

1.9 

3.98 

1.6 

2.6 

1.85 

3.10 

2.23 

1.2 

4.1 

3.9 

2.84 

1.32 

2.88 

FtO      

9.63 

3.22 

11.7 

6.1 

8.01 

7.82 

7.3 

8.17 

5.25 

5.5 

7.02 

8.82 

6.84 

9.4 

7.3 

7.7 

9.20 

9.79 

9.05 

MnO 

0.15 

0.12 

0.26 

0.24 

0.25 

0.17 

0.18 

0.08 

0.12 

0.14 

0.15 

0.07 

0.16 

0.16 

0.2 

0.25 

0.17 

0.18 

MgO 

6.69 

5.67 

4.8 

6.1 

6.07 

7.28 

9.3 

5.4 

3.4 

3.7 

8.29 

14.25 

9.30 

10.15 

14.2 

6.1 

4.55 

7.89 

6.34 

CaO 

10.09 

10.95 

8.3 

8.6 

7.08 

11.28 

10.8 

10.68 

6.5 

10.8 

12.15 

9.38 

12.16 

6.5 

7.5 

9.4 

6.89 

11.50 

NaiO-- 

4.60 

2.56 

3.0 

2.7 

4.43 

2.67 

2.5 

2.26 

4.3 

3.8 

2.54 

1.17 

1.91 

2.2 

1.6 

3.3 

4.93 

2.18 

2.23 

KiO     

0.20 

0.13 

0.30 

1.6 

0.12 

0.32 

0.76 

0.85 

1.95 

0.25 

0.53 

0.27 

0.23 

0.21 

0.07 

0.4 

0.75 

0.56 

0.82 

HjO+ - 

1.18 

2.09 

2.3 

2.7 

2.97 

3.26 

3.6 

3.63 

3.7 

3.8 

h-H 

4.95 

5.15 

6.0 

6.1 

2.4 

)  '-'i 

0.02 

0.91 

HiO— 

0.28 

0.25 

0.36 

1.0 

0.39 

0.15 

0.58 

0.24 

0.6S 

0.22 

0.86 

0.39 

0.74 

1.7 

0.4 

0.00 

COi 

2.45 

2.5 

0.24 

0.06 

0.02 

0.21 

1.4 

0.8 

0.94 

0.01 

PiOs 

0.23 

O.IS 

0.35 

0.27 

0.13 

0.20 

0.19 

0.36 

0.34 

0.22 

0.09 

0.17 

0.10 

0.15 

0.15 

0.2 

0.29 

0.26 

0.23 

Total  - . 

100.48 

99.76 

99.8 

99.6 

99.53 

100.19 

99.5 

100.46 

99.9 

99.2 

101.38 

99.82 

99.79 

99.3 

99.6 

99.7 

100.72 

100.11 

99.99 

Q 

1.0 
32.0 
19.2 

5.7 

23.6 

13.7 
1.9 
2.4 
0.5 

37  "' 

15.1 
0.5 
24.0 
24.8 

10.8 
11.2 

5.2 
1.6 
0.5 
6.4 
51 

3.6 
2.0 
29.0 
21.0 

16.4 
17.2 

5.2 
4.8 
0.8 

42  '" 

3.8 
10.0 
25.5 
21.2 

4.6" 
17.4 

7.6' 
3.8 
0.5 
6.8 
45 

0.5 
41.5 
21.7 

11.2 
18.4 
2.1 
2.5 
1.8 
0.1 

34 

1.5 
25.0 
26.2 

23.6 
16.2 
0.6 
3.0 
2.8 
0.5 
0.6 
51 

MOL 

4.5 

23.5 
27.0 

22. o' 

0.6 
17.4 

2.1 

2.4 

0.5 

54  "' 

ECULAR 

1.7 

5.5 
21.7 
30.5 

18.4 
12.8 

4.4 

4.2 
0.8 

58 

NORM 

11. s' 
40.0 
30.5 

1.1 

3.6 
7.5 
1.6 
3.4 
0.8 

43 

S-CATA 

2.1 

1.5 
36.5 
31.2 

20.6' 
2.8 

3.0 
2.4 
0.5 

46 

NORMS 

3.0' 
20.0 
34.2 

2.1 

21^6 

16. 7' 
2.1 

0.3 

63 

1.5 
11.0 

22.5 

20.4' 
29.4 
8.4 
3.5 
2.8 
0.3 
0.2 
67 

1.0 
18.0 
30.0 

25.6' 
14,8 
6.0 
2.5 
1.2 
0.4 
0.4 
62 

1.4 
1.0 
21.0 
24.0 

2.4 

42.4 

1.3 

2.4 
0.3 
3.8 
53 

0.5 
15.5 
25.8 

10.4 
30.6 
10.2 
4.5 
2.2 
0.3 

62 

2.4 
2.5 
30.5 
22.7 

16.0 
16.2 

4.2 
3.0 
0.5 
2.0 
43 

5.0 
45.0 
13.0 

11.6' 
14.6 
0.3 
3.0 
4.6 
0.5 
2.4 
22 

0.2 
3.5 
19.5 
26.5 

24.0 
20.8 

1.3 
3.8 
0.5 

58 

3.8 
5.0 

ab 

20.5 
26.7 

ne 

c. 

di.,- - 

hy 

20.6' 
17.6 

ol 

3.1 

jl 

2.8 

0.5 

%kn  in  plag 

57  " 

Calif, 
d  Gillison  Chloe. 
to   0.001 


1.  "Pseudo-diabase,"   near  Mount  St.  Helena,  Calif.    (Becker,    1888,   p.   98).  Analysis  by  W.  H.  Melville. 

2.  Variolitic  diabase   from   margin   of   "sill,"   Angel   Island,   Marin   County,   Calif.   (Bloxam,   1960,  p.   564).  Analysis  by  T.  W.  Bloxam. 

3.  Fresh  diabase  (60  804),  south  side  of  Sausalito  lateral,  500  ft  east  of  U.  S.  Highway   101,  Marin  County,  Calif.  Rapid  rock  analysis  by 
scribed  in  U.   S.   Geol.   Sun'ey  Bull.    1036-C.   Analysis  by  P.   L.   D.   Elmore,  S.  D.  Botts,  I.  H.  Barlow,  and  Gillison  Chloe. 

4.  Fine-grained  diabase  (SFS-275),  Candlestick  sewage  tunnel,   1,400  ft  north    of   south   portal,    San   Francisco   South    quadrangle,    San   Fi 
Rapid  rock  analysis  by  method  described  in  U.  S.  Geol.   Surv'ey  Bull.    1036-C.  Analysis  by  P.  L.  D.  Elmore,  S.  D.  Botts,  I.  H.  Barlow, 

5.  "Pseudo-diabase"  from  Sulphur  Banks,  Lake  County,  Calif.   (Becker,   1888,  p.   99).  Analysis  by  W.  H.   Melville.   Oxides  of  orig 
percent,  with  total  of  99.623. 

6.  Diabasic  greenstone  (NA224),  from  crest  of  ridge  3.45  miles  S.  70°  E.  of  apex  of  Mine  Hill,  New  Almaden  district,  Santa  Clara  County,  Calif. 
Analysis  by  Mrs.  A.  C.  Vlisidis. 

7.  Diabase  (60-809),  east  edge  of  Black  Mountain  greenstone  where  cut  by  highway  from  Point  Reyes  Station  to  Petaluma,  Marin  County,  Calif.  Rapid 
rock  analysis  bv  method  described  in  U.  S.  Geol.  Survey  Bull.   1036-C.  Analysis  by  P.  L.  D.  Elmore,  S.  D.  Botts,  I.  H.  Barlow,  and  Gillison  Chloe. 

8.  Basalt,  near  the  mouth  of  Duvoul  Creek,  2  miles  north  of  Camp  Meeker,  Sebastopol  quadrangle,  Sonoma  County,  Calif.  (Switzer,  1945,  p.  7).  Anal- 
ysis by  F.  A.  Gonyer.  SO,  of  0.08  omitted;  MgO  reported  as   5.4  probably  in  error  as  other  constituents  are  given  to  0.01   and  total  i! 

9.  Pillow  lava  CSF-21o6).  600  ft  northeast  of  Point  Bonita  lighthouse,  Marin  County,  Calif.   Rapid  rock  analysis  by   method   descri 
Sun-ey  Bull.   1036  C.  Analysis  by  P.  L.  D.  Elmore,  S.  D.  Botts,  I.  H.  Barlow,  and  GiUison  Chloe. 

10.  Greenstone  (SF97),  east  side  of  Parker  .^ve.,  300  ft  south  of  Anza  Street,   Lone   Mountain,   San   Francisco,   Calif.    Rapid   rock 
described  in  U.  S.  Geol.  Survey  BuU.  1036  C.  Analysis  by  P.  L.  D.  Elmore,  S.  D.  Botts,  I.  H.  Barlow,  and  Gillison  Chloe. 

11.  "Fourchite"   (metagreenstone)   from  Angel  Island,  Marin  County,  Calif.  (Ransome,  1894,  p.  231).  Analysis  by  F.  L.  Ransome. 

12.  Altered  tachvliric  tuff  (NA-325),  from  point  of   1,100  ft  altitude,  3.44  miles  S.  55Vi°  E.  of  apex  of  Mine  HiU,  New  Almade 
County,  Calif.  Analysis  by  Airs.  A.  C.  Vlisidis. 

13.  Altered  diabase  from  main  "sill,"  Angel  Island,  Marin  County,  Calif.  (Bloxam,  1960,  p.  564).  Analysis  by  T.  W.  Bloxam. 

14.  Tuflaceous  greenstone  (SFS-192),  north  side  of  road  from  Sharp  Park  to  Skyline  Bh'd.,  3,050  ft  east  of  BM13,  San  Francisco  South  quadrangle, 
San  Mateo  County,  Calif.  Rapid  rock  analysis  by  method  described  in  U.  S.  Geol.  Sun-ey  BuU.  1036-C.  Analysis  by  P.  L.  D.  Elmore,  S.  D.  Botts,  I.  H. 
Barlow,  and  Gillison  Chloe. 

15.  Tuffaceous  greenstone  (SFS-131),  8,600  ft  southeast  of  Mussel  Rock,  San  Francisco  South  quadrangle,  San  Mateo  County,  Calif.  Rapid  rock  analysis 
by  method  described  in  U.  S.  Geol.  Survey  BuU.   1036-C.  Analysis  by  P.  L.   D.  Elmore,  S.  D.  Botts,  I.  H.  Barlow,  and  Gillison  Chloe. 

16.  Average  of   1  6. 

17.  .\verage  spilite  (Sundius,  1930,  p.  9). 

18.  Tholeiitic  basalt,  Kilauea,  Island  of  Hawaii  (Eaton  and  Murata,    1960,  p.  936).  Analysis  by  L.  N.  Tarrant. 

19.  Average  of   137   normal  tholeiitic  basalts  and  dolerites  (Nockolds,   1954,  table  7,  vii,  p.  1021). 
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are  holocrystalline  with  intergranular,  and  less  com- 
monly diabasic,  texture.  The  more  abundant  finer 
grained  varieties,  however,  contain  considerable  al- 
tered mafic  glass  and  e.xhibit  a  wider  range  of  textures, 
which  commonly  vary  within  a  few  inches  or  in  a 
single  outcrop.  The  extreme  variation  is  shown  by  the 
pillows  in  which  the  texture  may  range  from  diabasic 
or  subophitic  in  the  core,  through  different  kinds  of 
variolitic  textures  due  to  subradial  or  plumose  develop- 
ment of  feldspar  or  augite,  to  chloritic  aggregates 
replacing  a  peripheral  shell  that  once  was  mafic  glass. 


Some  varieties  of  the  volcanic  rocks  are  porphyritic, 
locally  with  phenocrysts  up  to  an  inch  in  size;  some 
are  vesicular  or  ann  gdaloidal. 

Plagioclase  of  the  greenstones  ranges  in  composition 
from  bytownite  or  laboradorite  to  albite,  though  per- 
haps much  of  the  more  sodic  plagioclase  is  secondary. 
It  fonns  large  more  or  le.ss  equant  phenocrysts,  irreg- 
ular laths  in  rocks  with  intergranular  texture,  or  un- 
u.sually  long  and  thin  laths  with  random  or  radial 
orientation  in  a  glassy  groundmass.  Typically  the 
feldspar  of  the  groundmass  shows  no  preferred  orien- 
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the  breccias,  agglomerates,  and  tuffs.  In  some  cases  it 
has  recrvstallized  to  a  green  chlorite  or  nontronite, 
but,  particularly  in  the  tuffs,  much  of  it  has  a  deep, 
rich  brown  color  and  is  recrvstallized  only  to  the  ex- 
tent that  one  can  tell  that  it  consists  of  minute  crystals 
rather  than  glass.  X-ray  studies  of  a  few  examples  of 
this  material  gave  pumpellyite  patterns.  That  such  ma- 
terial was  originally  glass  is  shown  by  its  fluidic  tex- 
ture in  photos  20  and  21. 

Chemical  features.  Chemical  analyses  of  1 5  Fran- 
ciscan greenstones  are  given  in  table  4  together  ^\•ith 
molecular  norms,  and  the  distribution  of  sample  lo- 
calities is  shown  in  figure  11.  Also  included  in  the 
table  for  comparison  are  analyses  and  molecular  norms 
of  average  spiiite,  a  typical  tholeiitic  basalt,  and  an 
average  of  137  tholeiitic  basalts  and  dolerites.  The 
Franciscan  greenstones  differ  from  the  tholeiitic  basalts 
most  markedly  in  their  abnormally  high  content  of 
combined  water,  and  for  this  reason  they  have  been 
arranged  in  the  table  from  left  to  right  in  order  of 
increasing  amounts  of  water.  With  this  arrangement 
it  becomes  apparent  that  the  rocks  with  the  most 
water  arc  those  which  differ  the  most  from  tholeiitic 
basalt,  and  as  the  water  content  goes  up  the  magnesia 
content  increases,  and  silica,  lime,  and  soda  decrease. 
It  should  also  be  noted  that  this  arrangement  groups 
the  massive  diabases  to  the  left  and  the  tuffaceous  rocks 
with  a  high  content  of  altered  mafic  glass  on  the  right. 
This  grouping  suggests  that  the  massive  rocks  more 
nearly  correspond  chemically  to  the  initial  magma, 
and  that  the  others  have  undergone  more  alteration, 
as  one  might  expect  from  their  fragmental  character. 


Figure   11.      Location    of    analyzed    greenstones    listed    in    table    4. 


ration  that  might  be  attributed  to  flow  during  or  after 
its  growth. 

The  pyroxenes  are  variable  in  composition  and  oc- 
currence. Normal  augite  seems  to  be  the  most  common 
variety,  but  subcalcic  augite  and  even  pigeonite  are 
fairly  common,  and  titanaugite  is  frequently  reported 
to  occur  in  the  coarser  grained  greenstones.  Fine- 
grained pyroxenes  with  plumose,  radial,  or  needlelike 
habit  occur  in  pillows  where  they  appear  to  have 
grown  in  glass  rather  than  in  a  melt. 

Olivine  generally  is  absent,  but  areas  of  a  serpentine 
mineral  with  relict  outlines  of  olivine  phenocrysts 
and  microlites  have  been  recognized  as  a  constituent 
of  the  greenstones  in  a  few  places  (see  photo  18). 

Pumpellyite  may  take  the  place  of  pyroxene  in  the 
pillow  lavas,  and  in  some  it  occurs  in  abundance  with 
albite  in  fine-grained  aggregates  that  replace  more  cal- 
cic plagioclase.  Pumpellyite  also  is  well  developed  in 
veins  and  as  fillings  in  vesicles  in  some  of  the  pillow 
lavas. 

Magnetite  is  generally  present,  and  ilmenite,  leu- 
coxene,  and  sphene  are  often  noted. 

Altered  mafic  glass  is  a  major  constituent  of  many  of 
the  lavas  and  also  is  the  most  prominent  substance  in 


Figure  12.  Plot  of  MgO 
basalt  series  (A-D),  Francis 
and   parts   of   Franciscan 
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Whether  some  or  all  of  the  massive  rocks  closely  ap- 
proximate the  original  magma,  however,  is  still  an  un- 
solved problem. 

One  approach  to  the  solution  of  this  problem  can 
be  made  bv  comparing  the  analyses  to  those  of  tvpical 
rocks  of  the  tholeiitic  basalt  series.  Fisjure  12  indicates 
the  differentiation  trend  as  determined  by  Murata 
(1960),  with  A,  B,  C,  and  D  representing  averages  for 
picrite,  tholeiitic  olivine  basalt,  tholeiitic  basalt,  and 
granophyre,  and  the  line  throusfh  these  points  indi- 
cating the  normal  products  of  differentiation  of  tho- 
leiitic olivine  basalt  magma.  Plots  of  the  Franciscan 
greenstone  analyses,  1-15,  are  sho\\'n  on  this  diagram. 
Analvses  1-6  fall  near  the  trend  line  and  close  to  the 
average  tholeiitic  basalt,  whereas  the  others  are  scat- 
tered and  depart  rather  widely  from  it.  From  a  study 
of  this  diagram  it  seems  a  reasonable  assumption  that 
the  diabase  analyses,  1-6,  come  close  to  representing 
the  original  magma,  and  their  average  composition  is 
shown  in  table  4,  column  16.  A  comparison  of  this 
average  \\ith  the  average  tholeiitic  basalt  and  spilite, 
columns  19  and  17,  indicates  the  average  Franciscan 
magma  is  much  like  a  normal  tholeiitic  magma,  but  it 
has  a  soda  content  intermediate  between  spilite  and 
tholeiite. 

Oriir'm.  Anal>-sis  of  the  more  h\-drous  Franciscan 
greenstones  show  changes  from  the  supposed  initial 
magma  other  than  the  simple  addition  of  water.  How 
and  when  these  changes  were  brought  about  cannot 
yet  be  proven,  but  we  suspect  significant  changes  were 
brought  about  by  an  initial  reaction  of  the  molten 
magma  with  sea  water.  Because  the  pillow  lavas  and 
their  matrices  seem  to  provide  samples  of  the  same 
magma  that  have  had  different  opportunities  for  re- 
action, depending  on  \\hether  they  are  from  the  core, 
rim,  or  matrix,  samples  of  these  materials  from  the 
same  pillow  have  been  obtained  and  analyzed.  How- 
ever, before  discussing  these  analyses,  we  will  describe 
the  pillo\\s  and  suggest  the  origin  that  seems  respon- 
sible for  their  unusual  form. 

The  term  "pillow  lava"  has  been  used  variously-  for 
rounded  bulbous  forms  on  the  surface  of  lava  that 
flowed  into  water  (Anderson,  1910),  for  rounded 
masses  that  form  along  the  base  of  lava  that  flowed 
over  water-saturated  muds  or  tuffs  (Fuller,  1931),  and 
for  piles  of  separate  more  or  less  rounded  blobs  of 
lava  closely  packed  one  above  the  other  or  separated 
by  a  tuffaceous  matrix  (Wilson,  1960).  So  far  as  we 
know,  all  the  Franciscan  pillow  lavas  are  in  the  latter 
category,  and  to  us  it  seems  useful  to  restrict  the  term 
"pillow  lava"  to  masses  that  are  composed  of  discrete 
pillows  which  are  not  connected  either  to  the  top  or 
base  of  a  massive  flow  or  even  to  each  other.  The 
Franciscan  pilkn\s,  where  they  can  be  seen  clearly,  or 
dug  out,  show  no  connection  from  one  to  the  other, 
such  as  "budding,"  nor  arc  the  piles  of  pillows  tran- 
sected by  a  network  of  feeders.  Each  pillow  is  an  en- 
tity in  itself.  It  consists  of  a  more  coarsely  crystalline 
core,  a  finer  grained  marginal  zone  from  one  to  several 


inches  thick,  and  a  thin  shell  of  altered  glass.  Matrix 
material,  which  also  is  generally  altered  glass,  may  be 
virtually  nil  or  may  amount  to  as  much  as  half  of  the 
volcanic  pile.  Piles  of  larger  pillows  generally  have  the 
least  matrix.  LocalK-  limestone  or  chert,  or  both,  sep- 
arate the  pillows;  and  rarely  one  finds  pillo\\like 
masses  completely  isolated  in  shale.  The  size  of  the 
pillo^\"s  is  generally  between  1  and  3  feet,  although 
it  ranges  from  about  an  inch  to  at  least  10  feet.  In  any 
single  locality  the  pillows  tend  to  be  more  or  less  the 
same  size.  Large  pillows  tend  to  be  more  irregular, 
and  small  ones  are  more  nearly  spherical.  Although 
some  contain  no  vesicles,  many  pillows  contain  an 
abundance  of  calcite  or  chlorite-filled  vesicles  which 
are  only  a  millimeter  or  two  in  size.  Phenocrysts  are 
not  generally  found,  but  when  present  may  show  a 
concentration  in  the  central  part  of  the  pillow  or  in 
a  peripheral  zone.  The  glassy  selvage  and  matrix  lo- 
calK'  contain  broken  phenocrysts. 

The  origin  of  pillows  has  been  discussed  by  many 
authors  and  variously  ascribed  to  budding  (Lewis, 
1914),  to  the  action  of  a  secondary  jet  of  lava  being 
extruded  from  a  spiricle  as  a  result  of  the  lava  over- 
riding and  incorporating  \\-ater,  to  billowing  due  to 
the  buildup  of  gas  pressure  in  a  part  of  a  flow  (Stark, 
193S),  or  to  mixing  of  lava  and  sea  water  (Zavaritsky. 
1960).  Inasnuich  as  there  are  in  the  Franciscan  eugeo- 
svnclinal  assemblage  piles  of  pillows  hundreds  of  feet 
thick  A\ithout  associated  massive  flows,  and  without 
evident  connections  between  pillows,  only  the  pro- 
posal of  Zavaritsky  seems  adequate  to  explain  their 
origin.  However,  Zavaritsky  does  not  describe  how 
he  believes  the  lava  and  sea  water  become  mixed.  A 
mechanism  that  might  account  for  these  piles  of  sepa- 
rate pillows  is  a  violent  jet  eruption  of  highly  fluid 
lava  on  the  sea  floor.  The  breaking  up  of  this  jet  stream 
of  lava  into  large  drops  or  blobs,  which  are  chilled  as 
they  fall  back  about  the  vent,  then  builds  up  a  pile  of 
pillows.  As  a  drop  of  magma,  forming  a  pillow,  falls 
through  the  water  its  surface  solidifies  but  remains 
thin  enough  to  \ield  under  the  weight  of  the  drop  to 
conform  to  the  shapes  of  the  earlier  pillows  onto 
which  it  settles  to  rest.  As  the  upper  surface  of  the 
pillow  generally  is  not  appreciably  deformed,  the  rate 
of  accumulation  must  be  slow  enough  to  permit  the 
solidified  border  to  thicken  between  the  time  the  pil- 
low came  to  rest  and  the  time  the  next  pillow  settled 
on  it.  Matrix  material  would  consist  either  of  the  finer 
pieces  of  magma  that  were  pulled  off  during  the  for- 
mation of  the  drop  or  of  fragments  resulting  from 
explosive  activity. 

If  this  eruptive  mechanism,  proposed  to  explain  the 
features  we  observed,  is  the  true  origin  of  the  pillows, 
the  eruption  must  have  taken  place  beneath  a  cover  of 
\\  atcr  deep  enough  to  contain  the  la\a  jet,  which,  by 
comparison  \\  irh  subacrial  fountain  eruptions,  must  be 
several  hundred  feet  or  more.  Also,  if  this  explanation 
holds,  the  pillows,  and  particularly  the  accompanying 
matrix,  have  had  ample  opportunity  to  react  with  the 
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Table  S.    Analyses  of  core,  rim,  and  inatrix  of  Franciscan  pillow  lavas,  with  similar  mialyses  from  other  pilloiv  lavas  for  comparison. 


SiOs 

TiO, 

AUOi 

FeiC 

FcO 

MnO 

MrO 

CaO 

NajO 

K.O 

HjO+ 

HjO- 

CO. 

PiOs 

Total.- 

Sp.  G. 

(Powder) 


Core       Rim     Matri 


42.6 
0.76 
15.2 


44.9 
0.95 
15.9 


1.2 

1.2 


45.3 
0.62 

14.4 
4.0 
6.6 
0.20 

10.9 


0.08       0.04 


Fjsdtr?    Core       Rim     .Vlati 


46.3       46.0       39.8       36.4 


14.4       14.2       16.7       16.3 


0.58      0.72 
1.6 


1.0 

3.4 


0.19      0.36      0.43       0.24 


7.6 

11.9 

5.8 

8.0 

0.17 

0.18 

0.21 

0.19 

7.8 

10.5 

4.5 

7.7 

8.2 

5.1 

13.2 

9.0 

1.5 

2.2 

4.6 

2.8 

3.4 

1.0 

0.24 

1.6 

10.4 
0.23 
6.6 


Core       Rim     Matri 


48.38 
1.21 

12.73 
3.17 
6.52 
0.17 
7.96 
9.48 
3.92 
0.08 
6.14 
0.16 

0.15 


14.16 
1.63 
8.54 
0.16 
8.58 
5.90 
4.28 
0.16 
4.49 
0.13 


30.24 
0.58 

16.83 
3.95 

18.72 
0.28 
16.73 
1.92 
0.27 
0.02 

10.18 
0.27 
0.08 
0.11 


15  16  17 

Core       Rim     Matri 


5.66 
5.68 
0.14 
6.36 
5.52 
5.61 
0.44 
3.47 
0.11 
2.07 
0.30 


3.17 
2.32 
0.07 
3.17 
4.64 
8.41 
0.58 
2.08 


35.33 
3.44 

15.21 
3.89 

11.06 
0.32 

13.46 
4.03 
0.59 
2.19 
8.72 
0.24 
1.10 
0.19 


IS  19  20 

Core       Rim      Matri 


45.22 
1.96 

14.38 
6.75 
5.00 

6.58 
11.13 
4.43 
0.63 
1.92 
0.25 
1.78 


15.88 
2.39 
5.15 
0.09 
6.02 
9.16 
4.50 
0.62 
3.01 
0.12 

0.26 


16.95 
5.23 

15.53 
0.10 

16.08 
2.97 
0.84 
0.51 
9.64 
0.11 


99.5       99.8       99.7 
3.02       2.86      2.76 


99.5       99.6      99.9      99.5 
2.97       2.87      2.77      2.76 


101.1     100.1 


100.07     99.98  100.18 


100.38  100.61     99.77 


100.03  100.49  100.4? 


alyses  by  method  described 
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111.   Rapid  rock 
son  Chloe. 

1*3.   Franciscan  pillow  lava:  from  west  side  of  U.S.  Highway   101.  at  a  pi 
quadrangle.  Marin  County.  Calif. 

4-7.   Franciscan    pillow    lava,    and    diabase    that   mav    represent   a   feeder;    from  east  edge  of  Black   Mountain  g: 
Point  Reyes  Station  to  Petaluma.  Marin  County,  Calif. 

8-11.   Pillow   lava;   from   west   side  of   State   Highway   20,   about  400   ft  south   of  south   side   of  Vuba  River,   SmartsviUe  quadrangle,   Yiil 
Collected  by  L.  D.  Clark, 

12  14.   Zoned  pillow  and  matrix,   .Anglesey,  Great  Britain   (Vuagnat,    1949,  p.  235).  -Analysis  by  J.  Jacob, 

15-17.   Spilite  pillow  and  matrix,  Hiimli.  .Arosa,  Switzerland  (Vuagnat,    1946,  p.  189).  .Analysis  by  M.  Vuagnat, 

18-20,   Diabase  of  the  Champatsch  Alps  (Vuagnat,   1946,  p.    190).  .Analysis  18  by  L.  Hezner;   19-20  by  M.  Vuagnat,  .AH  samples  from  same  outcrop  but 
apparently  not  from  same  pillow. 


Bull.    1036-C.  Analyses  by  P.  L.  D.  Elmore,  S.  D.  Bolts,  I.  H,  Barlow,  and  Gilli 
400  ft  north  of  north  portal  of  t\vin  Waldo  Tunnels,  San  Francisco  North 
stone  mass  where  cut  by  highway  frorr. 
,tv.   Calif. 


heated  sea  water  with  which  they  were  in  contact,  as 
was  suggested  by  the  chemical  analyses  presented  in 
table  4. 

.\dditional  analyses  of  the  core,  rim,  and  matrix  of 
two  Franciscan  pillows  are  given  in  table  5,  which  also 

Korth  of  Waldo   Tunnels  Black  Mountain   area 

U.S.    Highway    101 


Figure  13.  Bar  graph  of  two  sets  of  Franciscan  pillow  lava  anolyses 
(1-3  and  4-7  of  toble  5)  in  terms  of  weight  of  oxides  per  unit  volume, 
or  grams  per  cubic  centimeter,  ossuming  no  change  in  volume  or 
porosity. 


includes  comparable  sets  of  analyses  from  the  Sierra 
Nevada,  Great  Britain,  and  the  Alps.  It  is  quite  ap- 
parent from  these  analyses  that  within  a  single  pillow, 
or  from  a  pillow  to  its  matrix,  there  are  major  differ- 
ences in  chemical  composition,  thus  suggesting  thai 
single  analyses  of  pillow  lavas  can  be  quite  misleading. 

For  the  Franciscan  pillow  lavas,  powder  specific 
gravity  data  are  available,  and  this  permits  us  tt)  cal- 
culate the  quantity  of  oxides  in  a  unit  volume  of  rock 
and  thus  arrive  at  possible  gains  and  losses,  if  we 
assume  no  change  in  volume  or  porosity.  Figure  1 J? 
shows  graphically  the  changes  in  quantities  of  o.xides 
found  in  the  core,  rim,  and  matrix  for  two  sets  of 
Franciscan  samples  ( l-.i  and  4-7  of  table  .'i),  and  the 
same  data  are  shown  in  numerical  form  in  table  6.  For 
the  second  set  of  analyses  we  have  also  included  in  fig- 
ure 13  the  data  for  a  massive  diabase  from  the  same 
area,  as  it  may  represent  a  feeder,  but  the  relation  of 
this  rock  to  the  pillows  could  not  be  definitely  estab- 
lished in  the  field. 

Figure  13  and  table  6  show  the  same  general  trends 
in  chemical  differences  between  the  core,  rim,  and 
matrix  in  both  sets  of  analyses,  but  the  amounts  of 
change  in  the  various  oxides  are  not  consistent.  Silica 
becomes  progressively  less  abundant  from  center  u> 
matrix,  but  is  markedl\'  less  in  only  one  of  the  two 
sets,  .\luniina  and  titania  show  no  significant  change. 
Lime  decreases  as  magnesia  increases  from  core  to 
matrix  in  each  case,  and  these  changes  are  very  large 
in  percent.  Ferrous  iron  increases  from  core  to  matrix, 
and  total  iron  shows  a  small  increase.  The  changes  in 
alkalies  are  interesting  because  the\-  arc  very  large  per- 
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Analysis  of  sets  of  samples  from  two  Franciscan  pillow  lavas  presented  in  terms  of  weight  of  oxides  per  unit  volume 
(Sp.  G.  X  percent  in  rock),  asszaning  no  change  in  volume  or  porosity. 


North  of  Waldo  Tunnels  U.  S.  Highway  101 

Black  Mountain  area 

Core 
60-805 

Rim 
60-806 

Matrix 
60-808 

Change 
805-808 

Feeder(?) 
60-809 

Core 
60-810 

Rim 

60-811 

Matrix 
60-812 

Change 
810-812 

SiOj 

TiO: 

128.6 
2.3 
45.9 
17.2 
13.3 
14.5 
47.7 
9.4 

li"5 
8.1 
0.3 

128.4 

2.7 

45.4 

11.2 

18.9 

22.6 

24.3 

7.7 

2.2 

14.3 

6.8 

0.3 

125.0 

1.7 

39.7 

11.0 

18.2 

30.1 

14.4 

0.4 

5.5 

20.4 

3.3 

0.1 

—3.6 
-0.6 
—6.2 
-6.2 
+4.9 
+  15.6 
—33.3 
-9.0 
+  5.5 
+8.9 
—4.8 
—0.2 

137.5 

5.0 

42.8 

5.6 

21.7 

27.6 

32.8 

7.4 

1.2 

10.7 

0^6 

132.0 

6.6 

40.8 

6.0 

22.7 

18.7 

27.0 

11.8 

1.7 

10.6 

4.6 

1.0 

100.2 
6.6 
46,3 
4.7 
21.0 
21.6 
22.7 
4.2 
9.4 
16.1 
9.4 
1.2 

100.5 

5,0 

45,0 

8.8 

32.8 

29.0 

14.1 

6.1 

2.8 

22.8 

3.9 

0.7 

-31.5 
—1.6 

AUO, 

FejOs 

FeO 

+4.2 
+  2.8 
+  10.1 

MrO 

CaO 

+  10.3 
-12.9 

NaoO 

KoO 

H-O 

-5.7 
+  1.1 
+  12.2 

CO, 

PoOs 

-0.7 
-0.3 

centagewise,  but  they  do  not  sliow  ;i  linear  trend  from 
core  to  matri.x.  Soda  decreases  from  core  to  rim  in 
both  cases,  but  in  one  case  shows  a  slight  increase  from 
rim  to  matrix.  The  decrease  in  soda  from  core  to  rim 
was  also  found  in  other  Franciscan  pillows  by  Hop- 
good  (1962)  and  Gluskoter  (1962).  Potash  is  minor 
in  the  core  but  becomes  concentrated  in  either  the 
rim  or  matrix.  The  soda/potash  ratio  decreases  from 
core  to  matrix,  but  in  one  case  is  much  smaller  in  the 
rim  than  in  the  matrix.  Orville  (1960)  has  shown  ex- 
perimentally the  effectiveness  of  a  reciprocal  alkali 
transfer  between  two  parts  of  a  rock  mass  at  different 
temperatures,  with  K  moving  to  the  low  temperature 
and  Na  to  the  high  temperature  part.  As  the  tempera- 
ture gradient  in  a  pillow  beneath  its  glassy  selvage 
I  must  initially  be  very  large,  this  may  account  for  the 
large  concentration  of  sodium  in  the  hotter  interior 
and  potassium  in  the  cooler  marginal  zone. 

Gains  and  losses  calculated  by  using  the  powder 
specific  gravity,  such  as  those  shown  in  table  6,  are 
based  on  the  assumptions  that  a  unit  volume  of  the 
original  material  is  altered  to  a  similar  unit  volume  of 
the  product  by  a  replacement  process,  with  migration 
of  constituents  into  or  from  the  material  as  required 
by  the  analysis  and  that  the  porosity  remains  constant. 
In  the  absence  of  evidence  for  volume-for-volume  re- 
placement, one  may  also  calculate  possible  gains  and 
lusscs  by  assuming  that  the  quantity  of  some  oxide 
rciii.iins  constant.  If  we  assume  that  the  magma  that 
reacted  to  form  the  glassy  matrix  did  not  absorb  the 
large  quantities  of  magnesium  indicated  by  the  gain 
from  core  to  matrix  in  table  6,  we  may  recast  the 
analyses  holding  the  quantity  of  magnesium  constant. 
Table  7  shows  the  results  of  such  a  calculation,  which 
probably  more  closely  portrays  the  changes  that  have 
actually  taken  place,  though  the  improbable  loss  of 
Fl-O  in  the  first  set  of  analyses  of  table  8  indicates 
this  treatment  of  the  data  is  not  exact.  However,  we 
believe  the  large  losses  of  silica,  alumina,  lime,  and 
soda,  and  smaller  losses  of  iron  are  significant;  the  only 


increase  that  might  be  attributed  to  reaction  with  the 
sea  water  is  in  potash. 

It  is  perhaps  at  first  surprising  to  see  that  the  rims 
of  the  pillows  differ  so  much  from  the  matrix  mate- 
rials. Their  different  geologic  history,  however,  sug- 
gests that  this  difference  is  expectable.  The  matrix 
material  represents  fine  droplets  or  fragments  of  glass 
that  were  quicklv  chilled,  with  a  maximum  of  surface 
area  available  for  reaction  with  the  sea  water  both 
during  the  chilling  and  subsequent  to  it.  The  rims  of 
the  pillows  inside  the  thin  glassy  selvage  have  had  a 
different  history.  Because  of  the  sealing  effect  of  the 
selvage,  the  opportunity  for  reaction  with  the  sea 
water  has  been  greatly  reduced;  but  within  the  pillow, 
when  it  first  settles  to  the  sea  floor,  part  of  the  ma- 
terial is  still  molten,  while  part  is  glassy,  and  large 
temperature  differences  between  the  hot  core  and  cool 
rim  favor  the  migration  of  some  of  the  elements.  In 
addition,  after  the  pillow  reached  the  sea   floor  and 

Table  7.  Analyses  of  sets  of  samples  fro7>r  two  Franciscan 
pillow  lavas  calcidated  in  ten?rs  of  weight  of  oxides  per 
unit  volume,  as  in  table  6,  Imt  with  volume  of  matrix  re- 
duced to  contain  the  same  amount  of  magnesia  as  in  unit 
volume  of  core. 


North  0 
U.S. 

f  Waldo  Tunnels 
Highway  101 

Black  Mountain  area 

Core 
60-805 

Matrix 
60-808 

Change 
805-808 

Core 
60-810 

Matrix 
60-812 

Change 
810-812 

SiOj 

128.6 
2.3 
45.9 
17.2 
13.3 
14.5 
47.7 
9.4 

n.i 
8.1 
0.3 

60.4 
0.8 

19.2 
5.3 
8.8 

14.5 
6.7 
0.2 
2.7 
9.8 
1.6 
0.1 

—68.2 
-1.5 

—26.7 

—11.9 

—4.5 

0 

—41.0 
—9.2 
+2.7 
—1.7 
—6.5 
-0.2 

132.0 

6.6 

40.8 

6.0 

22.7 

18.7 

27.0 

11.8 

1.7 

10.6 

4.6 

1.0 

64.8 
3.2 

29.0 
5.6 

21.2 

18.7 
9.1 
3.9 
1.8 

14.7 
2.5 
0.5 

-67.2 

TiOj 

—3.4 

AI2O3  _     

-11.8 

FejOa 

—0.4 

FeO           

-1.5 

MgO 

CaO 

0 
-17.9 

NaoO 

-7.9 

K-O 

+0.1 

H2O _ 

+4.1 

CO2 

PjOs 

—2.1 
—0.5 
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was  covered  b\'  other  pillows  or  matrix,  the  tempera- 
ture change  in  the  marginal  part  was  probably  re- 
versed, as  the  heat  from  the  still-molten  core  would 
be  dissipated  out\\'ard  through  the  pillow  until  an 
even  heat  distribution  throughout  the  volcanic  pile 
was  attained.  This  process  of  gradual  reheating  of  the 
outer  part  of  the  pillow  is  somewhat  similar  to  anneal- 
ing, and  it  seems  likely  that  the  unusual  variolitic  and 
plumose  growths  of  feldspar  and  augite  were  devel- 
oped in  a  gla.ssy  or  microcrystalline  ground-mass  at 
this  stage,  rather  than  during  the  initial  cooling.  The 
similar  development  of  pumpellyite  in  varioles,  as 
shown  in  photos  18  and  19,  suggests  it  may  also  crys- 
tallize during  this  period  of  reheating.  As  has  been 
mentioned,  the  peculiar  distribution  of  the  alkalies  also 
ma\'  result  from  uneven  heat  distribution  during  this 
period. 

The  sets  of  analyses  of  non-Franciscan  pillows 
shown  in  table  5  indicate  large  chemical  differences, 
but  the  changes  in  the  amounts  of  constituent  o.xides 
here,  as  in  the  Franciscan  rocks,  are  not  the  same  in 
all  cases.  The  differences  in  composition  between  the 
cores  of  the  pillows  and  the  accompanying  matrices, 
however,  are  similar  to  the  differences  shown  in  the 
Franciscan  rocks,  except  for  the  iron;  the  matrices 
contain  less  silica,  lime,  and  soda,  and  more  magnesia. 
If  calculated  on  a  constant  magnesia  basis,  the  matrices 
also  contain  much  less  alumina,  but  the  iron  is  nearlv 
constant.  The  differences  between  cores  and  rims  of 
pillows  represented  by  these  analy.ses  do  not  all  show 
the  same  trends,  doubtless  indicating  either  differences 
in  initial  reactions  or  changes  during  cooling  that  are 
not  now  understood. 

To  sum  up,  the  parts  of  the  I'"ranciscan  pillows  and 
their  matrices  show  gross  differences  in  chemical  com- 
position. There  is  no  reason  to  believe  that  an\-  of  these 
three  component  parts  closely  approximates  the  initial 
composition  of  the  magma,  though,  by  comparison 
with  the  diabasic  rocks,  we  can  see  that  the  cores  of 
the  pillows  are  most  like  the  magma.  The  matrix  and, 
to  some  extent,  the  margins  of  the  pillows  seem  to  have 
reacted  with  sea  water.  The  chief  differences  between 
the  central  parts  of  the  pillows  and  the  matrices  are 
an  apparent  loss  of  silica,  lime,  and  soda  and  an  ap- 
parent gain  of  magnesia  and  perhaps  some  potash.  If 
the  matrix  material  has  not  picked  up  large  amounts 
of  magnesia  from  the  sea  water,  losses  of  silica  and 
lime  are  still  greater  than  suggested  by  the  analyses, 
and  there  is  a  large  loss  of  alumina,  as  well.  Secondarv 
changes  in  composition  within  the  pillo\\'s  are  perhaps 
due  to  the  migration  of  soila  and  potash  in  response 
to  the  existing  steep  thermal  gradients. 

Having  seen  the  significant  changes  in  composition 
associated  with  the  pillow  lavas,  let  us  now  return  to 
an  examination  of  the  chemical  analyses  shown  on 
table  4.  We  indicated  that  the  analyses  of  the  diabasic 
rocks  were  similar  to  normal  tholeiitic  basalt  and  its 
differentiates  and  suggested  that  thc\  approximated  the 


original  magma,  whereas  the  other  more  hsdrous  rocks 
were  anomalous.  Some  of  the  more  hydrous  rocks  are 
pillow  basalts  and  others  are  tuffs,  and,  as  they  show 
variations  consistent  with  those  demonstrated  for  single 
pillows  and  their  matrices,  it  seems  likely  their  com- 
position has  also  been  altered  bv  the  magma  having 
reacted  with  sea  water.  Because  of  these  chemical 
changes,  individual  analyses  of  Franciscan  greenstones 
or  tuffs  are  likely  to  be  misleading  when  used  to  indi- 
cate the  composition  of  the  initial  magma,  and  even 
the  average  of  a  whole  series  of  analyses  cannot  be 
expected  to  equal  the  composition  of  the  parent 
magma. 

As  the  Franciscan  pillow  lavas  have  been  regarded 
as  spilites  by  many  authors,  some  discussion  of  the 
problem  of  nomenclature  seems  desirable,  even  though 
we  do  not  yet  know  how  widespread  spilites  ma\-  be 
in  the  assemblage  of  Franciscan  rocks.  Spilite  by  one 
definition  is  a  basaltic  t\pe  of  rock  with  albite  or 
albite-oligoclase  instead  of  the  more  calcic  plagioclase 
that  is  normal  for  basalt.  If  this  definition  is  used,  many 
of  the  Franciscan  pillow  lavas  are  spilites,  but  a  few- 
are  basalts.  Another  definition  of  spilite  requires  the 
rock  to  have  more  soda  than  is  normal  for  basalt,  and, 
as  is  shown  by  table  4,  some  of  the  Franciscan  pillow 
lavas  will  also  qualify  as  spilites  on  this  basis.  Others 
that  contain  albite  as  the  only  plagioclase  have  a  soda 
content  like  that  of  basalt. 

The  genesis  of  spilites,  which  are  a  prominent  com- 
ponent of  many  of  the  eugeosynclinal  assemblages  of 
the  world,  is  controversial.  The  most  debated  points 
are  whether  spilites  represent  direct  crystallization  of  a 
soda-rich  magma,  or  of  a  magma  contaminated  by  sea 
water,  or  w  hether  they  represent  only  a  kind  of  meta- 
morphism  in  which  calcic  plagioclase  has  reacted  to 
release  calcium  to  form  epidote  or  other  minerals, 
leaving  a  sodic  residue  to  form  albite.  Neither  enough 
analyses  nor  sufficient  detailed  petrography  are  avail- 
able to  reach  firm  conclusions  regarding  the  origin  of 
the  Franciscan  greenstones  that  can  be  regarded  as 
spilites;  how  e\'er,  some  of  the  data  pre.scnted  should  be 
indicative.  The  analyses  of  the  pillow  lavas  presented  in 
this  report  show  that  the  cores  of  some  pillows  are  rich 
enough  in  soda  to  be  regarded  as  spilites  under  a 
chemical  definition  but  the  rim  and  matrix  are  not, 
yet  both  core  and  rim  contain  albite.  Enrichment  in 
soda  of  the  core  of  a  pillow  seems  to  be  attributable 
to  migration  of  soda  during  cooling,  and  impoxcrish- 
ment  in  soda  of  the  rim  and  matrix  suggests  that  the 
magma  has  lost,  rather  than  gained,  soda  as  a  result  of 
its  contact  with  sea  water.  Analyses  of  the  least  hy- 
drous diabasic  rocks  (analyses  1-6.  table  4),  believed  to 
be  the  rocks  most  like  the  original  magma,  include  two 
anal\ses  with  a  soda  content  of  about  4..*)  percent, 
which  is  (inly  a  little  less  than  that  of  average  spilite; 
however,  both  of  these  are  old  anaKses,  so  the  re- 
ported soda  may  be  too  high.  The  anal\tical  data  that 
seems  to  suggest  the  original  magma  of  the  Franciscan 
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Table  8.    Analyses  of  keratophyres. 

1 

2 

3 

4 

SiO-             -    .-- 

64.8 
0.76 

14.3 
1.4 
4.1 
0.12 
1.4 
2.0 
4.9 
2.3 
2.0 
0.32 
0.80 
0.21 

77.08 
0.22 

12.43 
1.48 
0.55 
•  0.07 
0.23 
0.88 
6.13 
0.15 
0.92 
0.31 

0.62 

68.04 
0.46 

12.09 
3.81 
3.21 
0.10 
1.97 
3.41 
5.04 
0.00 
1.89 
0.54 

0.05 

69.6 

TiOo 

0.18 

Al"03.    

14.4 

Fe-Os 
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FeO 

MnO 

M.cO 

CaO 

1.5 
0.15 
0.30 
0.55 

NaoO 

5.6 
3.8 

H-.0+  -       

0.92 

HoO- 
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CO. - 

0.09 

P2O.-, 

0.03 
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greenstones  \\"as  somewhat  spilitic  needs  to  be  con- 
firmed by  additional  anal\ses  of  relativcl\"  unaltered 
diabasic  intrusive  rocks  before  we  can  be  confident 
that  any  of  the  Franciscan  magma  represents  a  spilitic 
t\  pe  distinct  from  normal  tholeiitic  magma. 

Keratophyre.  Keratophvre  and  quartz-keratoph>re, 
rocks  chemically  similar  to  spilites  but  with  more  silica 
iir  free  quartz,  have  been  found  in  several  areas 
mapped  as  Franciscon.  Crittenden  (1951,  p.  19-20) 
first  reported  quartz-keratophyre  near  the  south  edge 
of  the  San  Jose  quadrangle,  and  Robinson  (19.56) 
noted  similar  rocks  in  the  Hay  ward  quadrangle  along 
the  western  flank  of  the  Mount  Hamilton  range.  On 
the  eastern  side  of  the  range,  along  Del  Puerto 
Creek,  there  is  an  extensive  thickness  of  keratophyre 
that  has  been  studied  by  Maddock  (195.5),  and,  al- 
though thev  are  not  completeh-  mapped,  similar 
rocks  form  e.xtensive  areas  of  outcrop  along  the 
east  edge  of  the  range  at  least  as  far  south  as 
rhc  Ortigalita  Peak  quadrangle  (Briggs,  195.^a).  Al- 
though the  keratophyres  have  been  mapped  as 
parr  of  the  Franciscan,  they  appear  to  be  directly, 
and  perhaps  conformably,  overlain  b\'  fossiliferous 
Knoxville  shales  in  the  Ha^ward  quadrangle  on  the 
west  side  of  the  Mount  Hamilton  range  and  in  the 
Mount  Boardman  and  Pachcco  Pass  quadrangles  on  the 
east  side.  Elsew  here  in  the  Coast  Ranges,  keratophyres 
occur  as  igneous  intrusions  into  rocks  mapped  as  Fran- 
ciscan in  the  PfeifTcr  Big  Sur  State  Park  in  the  Point 
Sur  <]uadrangle  (Oakcshott,  1951),  and  wc  find  similar 
relations  in  the  south-central  part  of  tiic  Skaggs  quad- 
rangle. Keratoph\rcs  ha\e  also  been  found  by  J.  R. 
McNitt  (oral  communication,  I960)  in  the  Kelse\-ville 
quadrangle.  The  character  of  these  occurrences  does 


not  permit  a  positive  decision  regarding  whether  or 
not  the  keratophyre  is  an  integral  part  of  the  eugeo- 
synclinal  assemblage  or  mereh'  intrusive  into  it. 

The  keratophyres  can  generally  be  distinguished 
from  the  more  typical  mafic  greenstones  by  their 
lighter  color  and,  in  some  areas,  by  the  pink  pheno- 
crysts  in  them.  Thin  sections  reveal  the  phenocr\sts 
are  chiefly  albite,  and  in  the  quartz  keratophyres  the 
quartz  occurs  as  either  euhedral  crystals  or  irregular 
interstitial  patches.  Original  ferromagncsian  minerals 
are  generalh'  altered  to  stilpnomelane  or  chlorite.  Four 
chemical  analyses  of  keratopiiyrcs  arc  given  in  table  8. 

BEDDED  CHERT  AND  ASSOCIATED  SHALE 

Chert,  and  the  distincti\e  shale  that  is  generalh'  in- 
terbedded  with  it,  probabl\'  constitutes  less  than  half  a 
percent  of  the  entire  assemblage  of  Franciscan  rocks. 
It  is,  however,  of  greater  interest  both  economicalK 
and  geologicall)'  than  its  minor  abundance  would  sug- 
gest. The  chert  is  wideh'  used  as  road-base  material;  it 
is  the  host  rock  for  all  of  the  productive  manganese 
deposits  in  the  Franciscan;  and  it  is  the  principal  host 
rock  at  some  mercury  mines  (Bailey,  1946).  Chert 
also  is  a  prominent  component  of  stream  gravels  used 
for  concrete  aggregate,  but  is  deleterious  for  this  use 
if  too  abundant  (Goldman,  1959).  Geologically,  chert 
is  of  special  interest,  because  it  provides  information 
on  the  depth  of  deposition  of  some  parts  of  the  eugeo- 
synclinal  assemblage.  In  addition,  because  of  its  greater 
resistance  to  erosion  than  most  of  the  other  rocks  ol 
the  Franciscan,  chert  is  generall\'  well  exposed,  and 
in  many  places  it  provides  the  onl\  outcrops  rising 
above  smooth  grass-covered  slopes. 

Occurrence  and  megascopic  features.  Bedded  cherts 
are  widely  distributed  throughout  the  broad  areas  of 
Franciscan  rocks,  but  their  distribution  is  not  entireh 
haphazard.  They  are  clearh  most  abundant  in  areas 
where  volcanic  rocks  are  common,  and  they  most  com- 
monh-  occur  strategraphicall\-  directly  above  green- 
stone. This  stratigraphic  relation  is  so  common  that 
it  provides  a  useful  guide  to  the  upright  or  overturned 
position  of  a  section.  The  relative  abundance  of  chert 
in  the  parts  of  the  Franciscan  that  arc  of  different  ages 
is  not  well  known.  The  Franciscan  rocks  just  east  of 
Mount  Hamilton,  which  are  regarded  by  some  geol- 
ogists as  among  the  oldest  of  Franciscan  rocks,  con- 
tain little  greenstone  and  chert;  other  Franciscan  rockir- 
also  presumed  to  be  pre-Knoxville  in  age  contain 
abundant  chert.  Mid-Cretaceous  rocks  of  the  Fran- 
ciscan Formation  in  the  San  Francisco  Ba>'  area  include 
much  chert,  but  farther  north  the  "coastal  belt"  rocks 
of  Bailey  and  Irwin  (1959),  that  are  in  part  of  similar 
age,  contain  little  chert. 

Although  Franciscan  cherts  show  considerable  di- 
versity in  appearance,  all  are  fine-grained,  hard,  higiil} 
siliceous  rocks,  and  most  are  highl\  colored.  The\ 
owe  their  color  to  finel>-  divided  iron  oxides  or  hy- 
droxides and  arc,  therefore,  generally  red,  deep  reddish 
brown,  buff,  or  some  shade  of  green.  Also,  because  of 
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Photo   30.      Detail   of  bedding   of  Franciscan   red   chert   in   Skaggs   quadrangle   show- 
ing pinch   and  swell  structure.   Note  discontinuous   chert  lenses  to  left  of   knife. 
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Photo   31.      Detoil  of 
quadrangle. 


ally  irregular  "bedding"  in   Franciscan   red   chert.   Skoggs 
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Photo  32.  Red 
fria.  The  minerals 
little   calcite   in   s. 


ert  containing  unusually  abundant  tests  of  n 
sible  ore  very  fine  groined  quartz,  goethite, 
e  of   the   veinlets. 


their  iron  content,  most  varieties  yield  an  abnormally 
red  soil.  Some  varieties,  however,  contain  little  iron 
and  are  pale  yellow  or  white.  In  the  colored  varieties 
where  indications  of  post-depositional  change  are  seen, 
the  o.xidation  state  of  the  iron  has  changed  from  an 
original  red  oxidized  state  to  a  green  reduced  state. 
Locally,  leaching  of  the  iron  b\'  hsdrothermal  solu- 
tions has  bleached  colored  cherts  to  a  chalk\-  white 
color. 

A4osr  of  the  chert  is  accompanied  l)\'  siiale,  which 
is  usuall\-  of  the  same  color,  and  a  rh\  thmic  interlac- 
ing of  the  hard  chert  and  soft  shale  is  characteristic. 
Chert  layers  are  generally  from  '/>  to  4  inches  thick, 
and  average  about  2  inches;  the  shale  interlayers  are 
generally  much  tliinner,  and  average  less  than  a  quarter 
of  an  inch.  Less  commonly  the  chert  occurs  as  massive 
beds  without  shale  partings.  Such  massive  beds  arc 
generally  only  a  few  feet  tiiick  and  occur  within  or 
above  sequences  of  rhythmicall\  la\crcd  chert  ami 
shale.  However,  exceptionally  massive  beds  of  chert 
attain  a  maximum  thickness  of  40  feet  in  the  Ladd- 
Buckcyc  mine  area,  Carbona  quadrangle  (Trask  and 
Pierce,  1950).  iMo.st  massive  beds  are  of  white  or  pale 
color,  and  it  is  likcl\-  thc\-  owe  their  massixc  character 


to  the  absence  of  the  iron  and  aluminum  minerals  that 
normall\'  form  the  shale  partings. 

A  chert-shale  sequence  normall\'  forms  a  lenticular 
entity  that  does  not  include  e\en  thin  interbeds  of 
graywackc,  black  shale,  or  \()lcanic  material.  Such 
chert-shale  lenses  range  in  length  from  a  few  feet  to 
as  much  as  >  miles  in  the  unusual  occurrences  of  the 
Ladd-Buckeye  area,  but  generall\'  they  cannot  be 
traced  for  more  than  a  few  hundred  feet.  Their  range 
in  thickness  is  equally  great,  being  from  a  foot  or  less 
up  to  a  reported  thickness  of  more  than  1,000  feet  in 
the  Ladd-Buckeye  area,  but  a  t\pical  thickness  is  onl\ 
about  30  feet.  Sections  reported  to  be  very  thick  com- 
monly prove  to  be  made  up  of  several  different  chert- 
shale  lenses  that  ma\"  or  ma>  not  be  separated  hv  other 
kinds  of  rock.  Breadth-to-thickness  ratios  of  individual 
chert-shale  lenses  are  generally  on  the  order  of  about 
15  to  1. 

Da\is  (191.8a)  recorded  many  critical  obser\ations 
regarding  the  rh>rhmicalh-  bedded  cherts,  and  some  of 
these  arc  repeated  here  because  of  their  bearing  on  the 
origin  of  the  chert-shale  lenses.  As  he  indicated,  good 
exposures  of  the  thin-bedded  chert  give  a  first  im- 
pression of  an  orderly  sequence  of  thin  beds  with 
great  lateral  continuit\ ,  but  a  more  detailed  examina- 
tion reveals  that  w  hat  appear  to  be  continuous  beds  of 
chert  are  actuall\  thin  lenses  or  discs  with  a  continuity 
of  onl\'  a  few  feet  to  a  few  tens  of  feet.  Furthermore, 
the  lenses  generall\  do  not  taper  consistentl\-  from  the 
center  to  extremit\%  but  instead  they  maintain  a  more 
or  less  constant  thickness  to  within  a  few  inches  of 
their  margin  and  then  wedge  out  abrupth'.  In  some 
cases  onK  one  surface  mav  be  irregular  and  thus  cause 
an  abrupt  pinching  or  sw  elling.  and  commonly  the  ad- 
jacent laxer  has  a  compensator)  swell  or  pinch.  The 
shale  partings  also  may  exhibit  similar  change  in  thick- 
ness, though  these  changes  are  not  so  obvious  because 
the  partings  are  so  thin.  It  is  not  uncommon  for  a  shale 
parting  to  terminate  abruptly  so  that  the  overhing 
and  underlying  chert  beds  merge  into  one. 

The  relations  of  the  composite  chert-shale  lenses  to 
laterall\-  equivalent  rocks  along  strike  are  generall\ 
obscure,  and  the  mode  of  termination  of  lenses  must 
be  largeh'  deduced  from  scattered  spot  observations. 
i\Ian\-  lenses  that  overlie  greenstone  and  are  overlain 
by  graywacke  seem  to  merely  cap  the  greenstone  and 
wedge  out  laterallx ;  other  lenses  are  surrounded  b\ 
gra\wacke  and  shale  and  were  deposited  as  a  imit 
within  the  sedimentarv  sequence.  Curiously,  the  cherts 
do  not  interfinger  with  the  gra\  w  acke.  nor  do  the  red 
or  green  shales  that  accompany  the  chert  grade  into 
the  noi'mal  black  shales  that  are  a  part  of  the  gray- 
wacke  sequences.  Detrital  grains  of  quartz  or  feldspar, 
similar  to  those  of  the  gra\w  acke,  do  not  occur  in 
cherts  and  only  rarely  do  the  accompanying  shales 
contain  a  sprinkling  of  minute  angular  fragments  of 
t]uarrz,  feldspar,  or  chlorite.  Although  chert-shale 
lens  terminations   are   difficult  to  observe,   it  is  quite 


19641  Franciscan  of  Western  California 

Table  9.    Analyses  of  Franciscan  cherts,  with  a  chert  fro??t  the  Knoxvitle  Formation  7iear  Stanley  Mountain. 
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1 

2 

3 

4 

5 

6 

7 

8 

9 

SiOj 

93.54 
n.d. 
2.26 
0.48 
0.79 
0.23 
0.66 
0.09 
0.37 
0.51 
0.72 
0.21 
n.d. 

93.5 
0.04 
0.96 

2.8 

1.3" 
0.11 
0.42 
0.01 
0.08 
0.72 
0.22 
0.03 

95.9 
0.06 
1.1 
1.7 
0.34 
0.05 
0.10 
0..50 
0.02 
0.26 
0.70 
0.11 
0.02 

94.7 
0.06 
1.1 
2.7 
0.22 
0.05 
0.14 
0.06 
0.01 
0.37 
0.63 
0.16 
0.03 

93.0 
0.12 
2.0 

2.4 

0.40 

0.13 

0.11 

0.11 

0  41 

1,0 

0.26 

0.05 

97.4 
0.03 
0.47 
1.3 
0.26 
0.02 

0.05 
0.01 
0.04 
0.55 
0.07 
0.04 

96.5 
0.08 
1.5 
0.34 
0.38 
0.03 
0.16 
0.17 
0.11 
0,26 
0.65 
0.15 
0.04 

95.1 
0.06 
1.2 
1.9 
0.2 
0.31 
0.11 
0.22 
0.04 
0.24 
0.61 
0.16 
0.04 

84  9 

TiO.> 

0  18 

AI0O3 

4  8 

Fe..03 

2  1 

FeO 

1  8 

MnO 

0  46 

MgO 

1  2 

CaO 

0  46 

Na.O 

0  70 

K-O          

0  31 

H0O+ 

2  0 

HoO- 

0  72 

P-Os 

0  02 

Total 

99.86 

100.2 

100.9 

100.2 

100.0 

100.2 

100.4 

100.2 

99.7 

1.  Brownish-ied  chert  from  head  of  Bagley  Canyon,  north  side  of  Mount  Diablo,  Contra  Costa  County,  Calif.  (Turner,  1891,  p.  411).  Analysis  by  W. 
H.  Melville. 

2  7,  9.  By  rapid  rock  analysis  method  described  in  U.  S.  Geol.  Survey  Bull.  1036-C.  Analyses  by  P.  L.  D.  Elmore,  S.  D.  Botts,  I.  H.  Barlow,  and  Gilli- 
son  Chloe. 

2.  Franciscan  thin-bedded  red  chert  (60-800)  from  roadcut  on  west  side  of  northern  peak.  Twin  Peaks,  San  Francisco,  Calif. 

3.  Franciscan  thin-bedded  chert  (60-802),  red  with  some  greenish-white  borders  where  adjacent  to  green  shale,  400  ft  east  of  U.  S.  Highway  101  on 
north  side  of  Sausalito  lateral,  San  Francisco  North  quadrangle,  Marin  County,  Calif. 

4.  Franciscan  thin-bedded  red  chert  (SF-1970)  on  Sausalito  lateral  3,000  ft  northwest  of  Yellow  Bluff,  San  Francisco  North  quadrangle.  Marin  County. 
Calif. 

5.  Franciscan  thin-bedded  red  chert  (SF-2145),  600  ft  cast  of  16th  Avenue  and  1,100  ft  north  of  Ortega  Street,  San  Francisco,  Calif. 

6.  Franciscan  red  chert  (SF-2143)  forming  massive  bed  about  25  ft  thick,  600  ft  east  of  16th  Avenue  and  500  ft  north  of  Ortega  Street,  San  Fran- 
cisco, Calif. 

7.  Franciscan  thin-bedded  green  chert  (SF-2043),  west  side  of  U.  S.  Highway  101,  at  a  point  8,500  ft  northwest  of  Yellow  BlufE,  San  Francisco  North 
quadrangle.  Marin  County,  Calif. 

8.  Average  of  2  7. 

9.  Knoxville  thin  bedded  reddish-brown  chert  (B  28)  from  north  side  of  Alamo  Creek  Canyon,  a  quarter  mile  west  of  east  edge  of  Nipomo  quadrangle, 
1  mile  north  of  Stanley  Mountain,  San  Luis  Obispo  County,  Calif. 

'  Reported  as  <  0.05. 


clear  that  the  composite  lenses  thin  b\'  a  decrease  in 
the  number  of  rhythmically  layered  beds  rather  than 
by  a  decrease  in  the  thickness  of  the  individual  layers. 
The  central  part  of  chert-shale  lens  may  be  made  up 
of  hundreds  of  chert  layers  several  inches  thick, 
whereas  near  its  edge  the  lens  contains  only  a  few  lay- 
ers, but  they  are  of  similar  thickness. 

Many  exposures  of  rhythmically  bedded  chert  show 
small-scale  effects  of  deformation.  Among  the  most 
common  are  sharpl\-  pointed  chevron  folds  which  may 
occur  in  limited  zones  involving  a  few  dozen  beds 
and  do  not  carry  through  to  the  beds  above  or  below. 
Generall\'  the  sharply  bent  axial  portion  is  unbroken, 
which  has  led  to  the  suggestion  that  such  folds  de- 
velop as  a  result  of  submarine  slumping  prior  to  the 
final  hardening  of  the  layers. 

Nearly  all  rhythmically  bedded  cherts  are  cut  by 
many  fractures  oriented  at  right  angles  to  the  layering, 
and  as  seen  on  the  layer  surfaces  these  fractures  usually 
are  in  two  sets,  forming  a  rhomboid  fracture  pattern. 
In  many  places  the  fractures  have  been  filled  with 
quartz,  which  contains  less  iron  than  does  the  chert 
and  is  lighter  in  color.  Normally  neither  fractures  nor 
veins  extend  through  the  shale  partings  between  chert 
layers,  and  there  is  little  correspondence  between  frac- 
tures in  adjacent  layers. 

Silica-filled  Radiolaria  are  so  common  that  these 
rocks  are  often  referred  to  as  "radiolarian  cherts,"  but 
not  all  specimens  contain  Radiolaria.  Where  present  in 
the  red  cherts  the  Radiolaria  are  readily  visible  with 


the  aid  of  a  hand  lens  as  small,  round  or  conical,  clear 
areas.  In  green  or  white  cherts  they  seem  to  be  equally 
as  abundant  but  are  not  so  readily  recognized  because 
they  show  little  contrast  to  the  rest  of  the  rock.  Ra- 
diolaria may,  in  exceptional  cases,  amount  to  more 
than  half  of  the  chert,  but  in  the  average  chert  they 
probably  amount  to  less  than  10  percent.  The  shales 
accompanying  the  cherts  also  contain  Radiolaria,  but 
in  them  Radiolaria  do  not  seem  to  be  as  abundant  as 
in  the  more  siliceous  rock. 

Microscopic  feafiires.  Thin  sections  of  unmetamor- 
phosed  chert  generally  show  a  fine  aggregate  of  quartz 
and  chalcedony,  which  in  the  common  red  varieties  is 
clouded  with  red  iron  oxide  dust.  Silica-filled  tests  of 
Radiolaria  are  free  of  iron  and  stand  out  in  contrast 
to  the  cloudy  matrix.  Where  they  are  well  preserved 
their  borders  show  sharp  spines  and  their  interiors  may 
show  a  delicate  mesh  structure,  but  more  t\pically 
only  their  general  outline  can  be  clearly  distinguished. 
The  silica  within  the  Radiolaria  may  be  mosaic  quartz, 
a  little  coarser  than  in  the  surrounding  rock,  or  it  may 
consist  of  radial  fibers  of  chalcedony.  Opal  has  not 
been  found  in  the  cherts;  however,  some  cherts  are 
composed  of  silica  that  is  virtually  isotropic  but  with 
an  index  slightly  greater  than  that  of  balsam.  No  det- 
rital  grains  of  feldspar,  quartz,  or  other  minerals  have 
been  identified,  though  some  sections  show  a  few  scat- 
tered shreds  of  a  pale-brown  material  that  appears  to 
be  altered  mafic  glass,  probably  now  converted  to  a 
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Table  10.    Analyses  of  Franciscan  shales  accompanying  cherts,  with  analyses  of  some  other  shales  for  comparison. 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

SiOj 

69.98 
n.d. 

50.58 
0.55 

40.1 
0.76 

60.9 
0.92 

58.4 
0.66 

66.7 
0.81 

66.3 
0.76 

58.5 
0.78 

63.2 
0.71 

58.51 
0.66 

54.48 

TiOj 

0.98 

AljOj 

11.69 

14.35 

10.9 

13.1 

14.3 

14.1 

15.9 

13.7 

15.7 

15.55 

15.94 

Fe203 

6.23 

15.64 

27.6 

9.2 

7.4 

6.5 

3.3 

10.8 

1.3 

4.03 

8.66 

FeO 

1.08 

0.65 

1.0 

0.58 

0.96 

0.33 

4.7 

2.50 

0.84 

MnO 

0.49 

0.36 

4.8 

0.11 

1.4 

0.10 

0.08 

1.30 

0.08 

tr 

1.21 

MgO 

1.29 

3.08 

3.5 

2.3 

3.3 

1.6 

1.8 

2.5 

3.0 

2.44 

3.31 

CaO 

0.38 

1.77 

0.53 

2.0 

0.05 

0.05 

0.53 

1.5 

2.99 

1.96 

NazO 

0.73 

0.70 

0.12 

0.08 

1.7 

0.10 

0.18 

0.44 

2.1 

1.28 

2.05 

KsO 

3.72 

3.84 

4.5 

4.9 

3.9 

3.8 

4.9 

4.40 

2.4 

3.28 

2.85 

H2O+ 

2.92 

5.19 

4.8 

4.6 

3.1 

4.0 

4.3 

4.2 

3.7 

3.69 

I     7.04 

H2O- 

1.03 

3.30 

2.2 

2.0 

2.0 

1.2 

1.3 

1.8 

0.52 

1.31 

CO2.. 

0.08 

2.51 

PA 

0.05 

n.d. 

0.14 

0.14 

1.3 

0.09 

0.27 

0.38 

0.18 

0.17 

0.30 

Total  .. 

99.59 

100.01 

100.0 

99.2 

99.5 

99.6 

100.1 

99.7 

99.1 

98.92 

99.62 

head  of  Bagley  Canyo 


irth  side  of  Mount  Diablo,  Contra  Costa  County,  Calif.  (Tu 


)1,  p.  411).  Anal- 


1.  Franciscan  brownish-red  shale 
ysis  by  W.  H.  Melville. 

2.  Franciscan  red  sbale  from  Red  Rock  Island  in  San  Francisco  Bay,  Contra   Costa   County,   Cahf.    (Lawson,    1914,   p.    23).    Analysis   by   lr\'ing   Miller. 
"Soluble"  of  0.38  given  in  original  analysis  omitted  here. 

3  7.   By  rapid  rock  analysis  method  described  in  U.  S.  Geol.  Survey  Bull.   1036-C.  .Analyses  by  P.  L.  D.  Elmore,  S.  D.  Botts,  I.  H.  Barlow,  and  GilUson 
Chloe. 

3.  Franciscan  red  shale  (60-801)   interlayered  with  chert  (no.   2,  table  9),   from  roadcut   on  west   side  of  northern   peak.   Twin   Peaks,   San    Francisco, 
Calif. 

4.  Franciscan  green  shale   (60-803)   interlayered  with  chert  (no.    3,  table   9),  400  ft  east  of  U.  S.  Highway  101  on  north  side  of  Sausalito  lateral,  San 
Francisco  North  quadrangle,  Marin  County,  Calif. 

5.  Franciscan  red  shale   (SF-2I11)  in    1-foot  thick  bed  interlayered 
Francisco  North  quadrangle,  Marin  County,  Calif. 

6.  Franciscan  red  shale  (SF-2145A)  interlayered  with  red  chert  (n 
Francisco,  Calif. 

7.  Franciscan  green  shale  (SF-1941)   in   1-foot  thick  bed  below  ma; 
Street,  San  Francisco,  Calif. 

8.  Average  of  3-7. 

9.  Average  of  four  Franciscan  shales  interbedded  with  graywacke   (i 

10.  .Average  of  78  shales  calculated  from  composite  of  5 1   Palei 


vith  chert,  east  side  of  U.  S.  Highway  101,  3,750  ft  west  of  YeUow  Bluff,  San 
5,  table  9),  600  ft  east  of  16th  Avenue  and  1,100  ft  north  of  Ortega  Street,  San 
ve  chert  (no.  6,  table  9),  600  ft  east  of  16th  Avenue  and  500  ft  north  of  Ortega 


).  5,  table  3). 

shales   and  27  Mesozoic  and  Cenozoic  shales  given  by  Clarke  (1924,  p.  552). 
11.   Composite  of  51  samples  of  deep  sea  "red  clay"  (Clarke,   1924,  p.   518).  Analysis  by  G.  Steiger  with  special  determination  by  W.  F.  Hillebrand  and 
E.  C.  Sullivan.  Omitted  here  are  a  dozen  minor  oxides;  Mn  given  as  MnO„. 


chlorite.  Thin  veins  of  sutured  quartz  are  common, 
and  in  some  specimens  these  are  partly  replaced  by 
calcite. 

Chemical  features.  Chemical  analyses  of  the  cherts 
given  in  table  9  indicate  that  the  silica  content  ranges 
from  93  to  more  than  97  percent.  Most  of  the  rest  is 
alumina  and  ferric  iron,  representing  an  admi.xture  of 
the  same  materials  that  form  the  shale  parting  layers. 
The  alkalies  are  in  all  cases  low,  with  potash  consist- 
ently much  greater  than  soda. 

An  analysis  of  a  chert  from  a  part  of  the  Knoxville 
Formation  that  contains  greenstones  and  chert  in  the 
Nipomo  quadrangle  is  also  given  in  column  9  (table  9). 
This  chert  is  reported  to  be  similar  to  the  Franciscan 
chert  and  is  one  of  the  indications  of  the  reported 
gradual  transition  from  the  Franciscan  into  the  Knox- 
ville (Taliaferro,  1943a,  p.  197-200).  However,  this 
chert  has  both  physical  and  chemical  features  that  are 
not  typical  of  Franciscan  chert.  In  outcrop  it  is  better 
bedded,  does  not  show  as  sharp  breaks  between  chert 
and  shale,  and  does  not  cxiiibit  the  lenticularity  of  beds 
typical  of  the  rhythmicall>'  bedded  Franciscan  chert. 
In  thin  section  it  can  be  seen  to  contain  many  minute 
detrital  grains  of  quartz  and  feldspar  which  are  rare 
in  the  Franciscan  cherts.  Chemically  it  contains  much 
less  silica  and  has  a  content  of  soda  that  is  rvvice  that 
of  potash. 


Shales  associated  with  Franciscan  cherts  are  dis- 
tinctly different  from  shales  that  occur  interlayered 
with  graywacke.  As  has  been  mentioned,  the  shales 
with  cherts  are  generally  colored  red  or  green,  match- 
ing the  color  of  the  cherts  with  which  thev  occur, 
whereas  the  more  normal  Franciscan  shales  are  gray 
or  black.  The  red  color  is  due  to  the  abundance  of 
goethite,  or  in  some  cases  hematite.  X-ray  diffraction 
analyses  by  Schlocker  (oral  communication,  1963)  in- 
dicate the  presence  of  considerable  mica,  most  of 
w  hich  is  poorly  crystalline,  and  moderate  amounts  of 
a  chlorite-like  mineral  and  quartz,  as  well  as  the  goe- 
thite and  hematite.  Shreds  of  altered  mafic  glass  can 
also  be  seen  in  some  thin  sections. 

Chemical  analyses  of  the  shales  accompanying  the 
cherts  are  given  in  table  10,  along  with  averages  of 
the  normal  Franciscan  shales,  average  shale,  and  aver- 
age deep-sea  "red  clay"  for  comparison.  Chemically 
the  shales  that  accompany  the  Franciscan  cherts  differ 
markedly  from  the  normal  Franciscan  shales  in  having 
an  cxtraordinaril\-  high  K-O  Na^O  ratio  of  about  10 
instead  of  about  1,  and  in  having  much  more  iron  and 
also  a  higher  ferric/ferrous  ratio.  Shales  accompan\"ing 
cherts  compare  more  closel\'  with  tiic  oceanic  "red 
cla\ "  deposits,  but  they  ha\c  a  mucii  iiighcr  KjO/- 
Na-jO  ratio  than  the  open  ocean  deposits. 
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Figure  14.  Log  plot  of  K=0/NajO  and  Fe-OyPeO  ratios  in  groy- 
wockes,  shales,  and  cherts. 

A  further  difference  between  the  shales  with  chert 
and  shales  accompanying  graywacke  is  found  in  the 
manganese  content,  which  is  appreciably  higher  in  the 
shales  with  the  chert. 

The  main  differences  between  the  two  kinds  of 
shales  in  the  Franciscan  are  well  brought  out  by  plot- 
ting the  K:.0/Na20  ratio  against  the  FcoOn/FeO  ratio 
as  shown  on  figure  14.  In  this  figure,  which  is  prepared 
on  a  Log  Log  base,  the  area  of  the  normal  gray  or 
black  shales  of  the  Franciscan  overlaps  the  area  of 
Franciscan  graywacke,  whereas  the  area  that  encom- 
passes the  shales  occurring  with  chert  overlaps  much 
of  the  Franciscan  chert  field.  Also  shown  is  the  differ- 
ence in  position  of  the  average  "red  clay"  of  the  deep- 
sea  and  the  Knoxvillc  cliert  from  the  Nipomo 
quadrangle. 

Origin.  The  origin  of  the  Franciscan  cherts  has 
been  discussed  by  Davis  (1918a),  Taliaferro  (1933, 
1943a),  and  Trask  and  Pierce  (1950),  but  there  is  no 
universal  agreement  either  on  how  they  were  formed 
or  the  depth  at  which  they  were  deposited.  Early  ideas, 
admirabh'  summarized  by  Davis  (1918a),  were  that  the 
cherts  were  radiolarian  oozes  deposited  at  abyssal 
depths,  because  only  in  the  deeper  parts  of  the  oceans 
were  such  oozes  known  to  be  accumulating.  Davis, 
however,  believed  the  graywackes  of  the  Franciscan 
were  largely  continental  deposits  and  so  could  not 
support  the  abyssal  origin  hypothesis;  he  concluded 
that  the  cherts  were  deposited  by  siliceous  hot  springs 
arising  from  the  mafic  voicanics.  Taliaferro  also 
ascribes  the  origin  of  the  cherts  to  cither  siliceous 
springs  or  reaction  of  the  lava  with  sea  water,  but, 
largely  because  of  the  presence  of  conglomerates  lay- 


ered with  the  graywacke,  he  envisioned  a  shallow- 
water  origin  for  all  the  formation,  including  the  cherts. 
As  will  be  explained  in  the  following  sections,  we 
believe  that  most  of  the  cherts  and  accompanying 
shales  owe  their  origin  to  reactions  between  hot  lava 
and  sea  water,  and  that  these  reactions  must  have  taken 
place  at  depths  comparable  to  the  average  depth  of 
the  oceans  in  order  to  have  yielded  the  quantities  of 
silica  represented  by  the  chert. 

The  general  occurrence  of  the  chert-shale  lenses 
in  the  assemblage  of  Franciscan  rocks  in  close  associa- 
tion with  greenstone,  and  the  frequency  with  which 
these  lenses  are  found  immediately  above  the  green- 
stone, strongly  supports  the  concept  that  the  cherts 
somehow  owe  their  origin  to  the  volcanic  eruptions. 
A  similar  association  is  found  in  many  other  cugcosvn- 
clinal  assemblages  throughout  the  world  and  has  led 
geologists  working  in  these  areas  to  similar  conclu- 
sions. Other  kinds  of  chert,  however,  are  found  in 
different  environments  and  are  not  associated  with 
mafic  volcanic  rocks.  Thus,  while  our  ideas  regarding 
the  origin  of  the  Franciscan  cherts  might  appl>'  to 
cherts  in  other  eugeosynclinal  assemblages,  they  cer- 
tainly cannot  be  extended  to  include  all  chert  se- 
quences, such  as,  for  example,  the  widespread  and 
well-known  cherts  of  the  A4ontere\  and  Phosphoria 
Formations. 

As  the  greenstones  in  the  Franciscan  represent  sub- 
marine eruptions,  it  is  attractive  to  postulate  that  the 
cherts  resulted  from  reactions  between  hot  lava  and 
sea  water  at  the  time  of  the  eruptions.  Because  the 
lavas  do  not  occur  as  massive  flows  but  rather  as  pillow 
lavas,  pillow  breccias,  breccias,  and  tuffs,  optimum 
conditions  were  present  for  such  reactions  to  take 
place  during  the  submarine  eruptions.  Assuming  that 
reaction  did  take  place,  it  is  difficult  to  ascertain  what 
the  effects  would  be  in  terms  of  materials  dissolved 
in  the  water  or  lost  from  the  congealing  magma.  Van 
Hise  and  Leith  (1911)  and  Krauskopf  (1956a)  found 
experimentally  the  solubility  of  some  of  the  constitu- 
ents of  basalt  in  sea  water  at  low  temperatures  and 
pressures,  but  apparently  no  experimental  work  in- 
volving these  reactions  has  been  done  at  even  moder- 
ately high  temperatures  and  pressures.  Thus  one  must 
look  for  indirect  evidence  regarding  the  materials  that 
might  be  dissolved  by  sea  water  reacting  with  molten 
or  still  hot  lava  during  a  deep-sea  eruption.  Two  lines 
of  approach  can  be  used:  (1)  extrapolation  of  experi- 
mental data  on  the  solubility  at  elevated  temperatures 
and  pressures  of  the  major  chert-shale  components, 
particularly  silica;  and  (2)  inferences  based  on  chemi- 
cal analyses  of  greenstones,  particularly  pillows,  which 
may  indicate  what  components  are  lost  by  the  magma 
while  reacting  with  sea  water. 

The  problem  of  forming  chert  in  a  marine  environ- 
ment by  inorganic  means  is  largely  a  problem  of  silica 
concentration.  The  oceans  of  the  world  todav,  as 
probably  always  in  the  past,  are  much  undersaturated 
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TEMPERATURE 

Figure    15.      Solubility  of  various  forms  of  silica  in  water 


with  respect  to  silica.  They  normall\-  contain  less  than 
10  ppm,  whereas  saturation  with  respect  to  silica  gel 
is  about  100  ppm  at  25°C  and  about  70  ppm  at  5^C 
(Krauskopf,  1956b,  p.  13;  1959).  A  reaction  between 
hot  lava  and  sea  water  could  locally  raise  the  silica  con- 
centration in  the  water  above  the  normal  content,  but 
to  bring  about  the  inorganic  precipitation  of  silica  to 
form  chert  requires  increasing  the  silica  concentration 
considerably  above  saturation,  with  respect  to  a  pre- 
cipitating phase,  in  order  to  cfTect  rapid  and  abundant 
precipitation.  At  shallow  depths,  where  water  is  con- 
verted to  steam  at  only  100°C  or  a  little  more,  water 
saturated  at  this  temperature  would,  when  cooled  to 
normal  oceanic  temperature,  be  supersaturated  at  the 
most  only  .300  to  500  percent  with  respect  to  amor- 
phous silica.  It  is  unlikely,  therefore,  that  lava  either 
flowing  into  the  sea  or  being  erupted  at  a  shallow 
depth  will  cause  tiie  inorganic  precipitation  of  much 
silica.  At  abyssal  depths,  however,  the  water  pressure 
has  the  double  effect  of  raising  the  boiling  point  and 
notably  increasing  the  solubility  of  silica.  In  the  ab- 
sence of  directly  applicable  experiments  using  sea  wa- 
ter, we  may  turn  to  the  results  of  Hitchen  (1945)  and 


Kenncd\-  (1950)  for  data  on  the  solubility  of  various 
forms  of  silica  in  pure  water.  At  elevated  temperature, 
sea  water  ma\-  be  more  reactive  than  pure  water,  but 
Krauskopf  (1956b,  p.  13)  has  found  the  solubilit\-  of 
amorphous  silica  in  pure  water  and  in  sea  water  at  low 
temperatures  to  be  about  the  same.  Figure  1 5  shows 
the  solubility  of  various  forms  of  silica  through  the 
range  of  temperatures  and  pressures  that  we  believe 
may  apply  to  the  formation  of  Franciscan  chert.  The 
temperature  of  the  reactive  interface  between  the 
basaltic  magma  and  deep  sea  water  can  be  calculated 
to  be  in  the  order  of  350°C.  As  is  indicated  by  figure 
12,  at  a  depth  of  13,000  feet,  which  is  an  average 
figure  for  the  Pacific  Ocean  floor,  and  at  350  C  the 
solubility  of  quartz  in  sea  water  is  about  1,000  ppm, 
whereas  the  solubility  of  amorphous  silica  or  silica 
glass  under  the  same  conditions  is  about  2,000  ppm. 
Father  magma  or  the  quenched  gla.ss  at  the  reactive 
interface  would  be  probabl\-  at  least  as  soluble  as 
silica  glass,  but  in  the  absence  of  experimental  data 
obtained  from  conditions  that  closely  approximate 
those  postulated,  the  figures  given  must  be  regarded 
as  onl\-  indicative.  Thc\-  suggest,  however,  that  large 
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amounts  of  silica  can  be  added  to  sea  water  by  reaction 
and  solution  during  a  submarine  volcanic  eruption. 

That  reactions  between  mafic  lavas  forming  the 
Franciscan  greenstones  and  sea  water  actualK'  have 
taken  place  is  best  indicated  by  the  chemical  differ- 
ences between  the  cores,  rims,  and  matrices  of  the 
pillow  lavas,  and  it  is  further  supported  b\-  the  con- 
sistent chemical  differences  between  intrusive  (?)  dia- 
basic  rocks  and  pillow  or  fragmental  greenstones 
resulting  from  submarine  eruptions.  As  is  set  forth  on 
pages  .50  et  seq.,  and  especialix  in  tables  5,  6,  and 
7,  the  analyses  now  available  indicate  that  the  magma 
lost  to  the  sea  water  large  amounts  of  silica,  alumina, 
lime,  and  soda,  and  smaller  amounts  of  iron.  To  ascer- 
tain if  sufficient  silica  has  been  lost  from  the  mafic 
magma  to  form  the  chert  requires  not  onl\'  know  ledge 
of  the  amount  lost  by  a  unit  volume  of  magma  but 
also  the  ratio  of  the  amount  of  chert  to  the  amount  of 
magma.  The  ratio  of  chert  to  greenstone  varies  w  ideh 
in  the  Franciscan  assemblage  and  cannot  be  determined 
accurately  on  the  basis  of  existing  geologic  maps.  The 
outcrop  area  of  chert  is  greatl\'  exaggerated  on  most 
maps  because  of  the  small  size  of  many  of  the  out- 
crops relative  to  the  map  scale,  and  because  fragments 
of  chert  are  so  resistant  to  weathering  that  the\-  travel 
fai-  downslope,  thereb\'  leading  to  an  oxerestiniation  of 
the  actual  size  of  the  chert  bodw  In  the  New  Almaden 
district,  where  the  distribution  of  chert  and  green- 
stone was  mapped  in  detail,  we  found  a  ratio  of  chert 
to  greenstone  of  1:2.50.  On  the  other  hand,  measure- 
ments made  on  maps  of  seven  quadrangles  in  the  San 
Francisco  Bay  area  gave  a  chert  to  greenstone  ratio 
of  1:5.  Although  the  New  Almaden  area  ma\-  not  be 
typical,  from  what  we  have  seen  of  the  Franciscan 
tcrrane  it  seems  likely  that  a  realistic  ratio  for  most 
of  the  Franciscan  is  closer  to  1:250  than  1:5.  If  the 
ratio  is  about  1:100,  and  the  average  silica  content  of 
the  greenstones  is  about  50  percent,  to  derive  the 
silica  present  in  the  cherts  of  the  Franciscan  would 
require  a  loss  of  only  2  percent  of  the  silica  in  the 
indicated  amount  of  mafic  magma,  assuming  all  the 
silica  given  up  by  the  magma  is  redeposited  as  chert. 
Although  there  is  considerable  doubt  as  to  what 
amounts  of  silica,  and  also  alumina  and  iron,  are  lost 
from  the  magma  by  reaction,  the  analyses  of  the 
pillow  lavas  indicate  the  quantities  are  more  than  ade- 
quate to  account  for  the  chert-shale  sequences  even 
under  the  most  unfavorable  interpretations  of  the  ana- 
lytical data. 

.Assuming  that  silica,  alumina,  and  iron  have  been 
added  to  the  deep  sea  water  by  reaction  with  magma, 
it  is  still  necessary  to  have  a  mechanism  for  precipita- 
tion and  deposition  if  the  cherts  are  to  be  explained  b\ 
such  a  hypothesis.  Experimental  data  indicates  that  at 
a  depth  of  13,000  feet  and  a  temperature  of  .350"C 
ocean  water  heated  by  lava  might  become  charged 
with  perhaps  2,000  ppm  of  silica.  Such  hot  silica-rich 
water  will  of  course  rise  rapidly,  and  additional  water 


w  ill  flow  in  from  the  side  to  take  its  place.  Thus  above 
an  active  submarine  eruption  a  rising  column  of  warm 
water  will  be  formed,  and  as  the  water  rises  it  will  be 
cooled  until  its  silica  content  will  far  exceed  the  100 
ppm  required  for  saturation  at  normal  surface  tem- 
peratures. Although  there  is  a  strong  tendency  for 
silica-bearing  solutions  to  remain  supersaturated  if  the 
dissolved  silica  is  not  far  in  e.xcess  of  that  required  for 
saturation,  the  silica  concentration  suggested  above  is 
undoubtedly  great  enough  for  the  silica  to  be  poly- 
merized and  precipitated  as  gelatinous  silica,  which 
would  then  rain  down  onto  the  sea  floor.  Iron  and 
alumina,  and  perhaps  in  some  cases  manganese  also, 
should  behave  much  the  same  as  silica  and  can  be  e.x- 
pected  to  ()e  precipitated  along  w  ith  the  silica  gel.  The 
net  result  is  an  accumulation  on  the  sea  floor  of  a 
mass  f)f  silica  gel  with  impurities,  which  subsequently, 
by  a  process  to  be  suggested,  is  changed  to  form  an 
entire  chert-shale  lens  consisting  of  dozens  or  hundreds 
of  la\ers.  Quantitatively  the  mechanism  seems  capable 
of  yielding  a  lens  a  few  tens  of  feet  thick,  but  with- 
out a  secondary  collection  process,  such  as  accumula- 
tion by  flowage  into  a  basin  area  on  the  sea  floor,  this 
mechanism  seems  incapable  of  yielding  lenses  more  than 
50  feet  thick,  because  of  limitations  on  the  amount 
of  water  that  can  be  heated  and  on  the  quantity  of 
silica  that  can  be  dissoKed  in  the  heated  column  of 
water. 

AVith  this  origin  a  composite  chert-shale  lens  must 
accumulate  rapidl\  as  a  result  of  a  single  submarine 
eruption,  and  thus  an  explanation  is  provided  for  the 
absence  of  detrital  grains  in  the  chert  and  for  the  lack 
of  marginal  interdigitation  of  the  chert  or  ferruginous 
shale  beds  with  beds  of  gra\\vacke  or  black  shale.  The 
presence  of  Radiolaria  in  the  cherts  is  best  explained 
by  the  abundance  of  silica  in  the  water,  thus  resulting 
in  a  rapid  multiplication  of  the  Radiolaria,  and  a  gen- 
eral sweeping  of  the  water  column  by  the  precipitating 
silica  gel.  The  apparent  oxidized  condition  of  the  hy- 
drated  iron  oxides  is  accounted  for  because  this  is  the 
form  in  w  hich  the  iron  can  be  expected  to  precipitate. 

If  an  entire  chert-shale  lens  initially  accumulates  as  a 
mass  of  iron-laden  silica  gel,  then  the  rhythmic  layer- 
ing into  w  hat  superficiall\  appear  to  be  beds  needs  to 
be  explained.  It  seems  likely  that  the  layering  is 
brought  about  b\  a  diffusion  efl^ect  during  the  conver- 
sion of  the  silica  gel  to  opal,  w  hich  later  crystallizes  to 
form  quartz.  The  iron  and  aluminum  hydroxides  are 
apparently  expelled  during  this  process  and  collect  to 
form  the  shale  la\crs.  This  mechanism  was  suggested 
by  Davis  (1918a)  in  his  attempt  to  explain  the  origin 
of  the  layers  and  account  for  some  of  their  unusual 
features  which  are  not  readily  explained  by  normal 
laycr-by-layer  deposition.  In  support  of  his  theory  he 
points  out  that  he  was  able  to  experimentally  repro- 
duce in  a  beaker  the  layering  and  the  lensing-out  of 
layers.  This  was  done  by  mixing  sodium  silicate  and 
finely  divided  red  Franciscan  shale  and  then  inducing 
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flocculation  of  gelatinous  silica  by  carefully  adding 
ammonium  carbonate  to  the  top  of  the  suspension.  He 
obtained,  though  on  a  small  scale  and  in  limited  num- 
ber, a  series  of  thin  bands  of  red  shale  and  clear  silica 
gel  that  had  many  of  the  features  of  the  rhythmically 
layered  cherts. 

Other  varieties  of  chert.  In  addition  to  the  typical 
bedded  cherts,  the  Franciscan  also  contains  t\\o  un- 
common varieties  that  are  mentioned  for  the  sake  of 
completeness.  One  of  these  has  a  red-brown  color 
because  f)f  an  abundance  of  iron  o.xides,  but  it  differs 
from  the  bedded  chert  in  that  it  occurs  only  in  curious, 
small,  mammilary  or  botryoidal  masses,  many  of  which 
have  distinctive  internal  structures.  Some  that  are  gen- 
erally only  a  foot  or  t\vo  in  diameter  are  crudely 
spherical  and  have  a  surface  of  arcuate  mammilary 
bumps;  other  masses  that  range  in  size  up  to  20  feet 
consist  of  a  series  of  botryoidal,  cauliflowerlike  lumps 
packed  together  in  a  most  irregular  fashion.  Some  indi- 
vidual lumps  exhibit  no  primar)-  internal  structure; 
others  consist  of  an  aggregate  of  superimposed  upright 
hemispheres  about  an  inch  in  diameter.  A  secondar\- 
internal  structure  seen  in  many  of  the  mammilary 
cherts  consists  of  white  quartz-filled  or  drusv  arcuate 


openings  tliat  clearly  arc  the  result  of  dehydration 
cracking  and  later  filling  b\-  the  addition  of  iron-free 
quartz.  Because  these  small  mammilary  masses  are  so 
much  harder  than  most  of  the  other  Franciscan  rocks, 
they  generally  are  found  as  float  or  as  protruding 
knobs  on  a  soil-covered  hillside.  Therefore,  there  are 
few  data  available  regarding  the  relation  of  these 
masses  to  other  rocks.  Some  of  the  mammilary  masses 
reported  by  Davis  (1918a)  clearly  occur  as  inclusions 
in  "gabbro,"  and  others  have  been  seen  along  presum- 
ahl\-  intrusive  greenstone  contacts  or  on  greenstone 
at  the  base  of  a  pile  of  rhythmically  bedded  chert. 
Those  masses  that  show  dehydration  cracking  prob-  ' 
ably  originated  when  incompletely  dehydrated  silica 
gel  was  heated  cither  by  intrusive  magma  or  by  com- 
ing to  rest  on  still  warm,  but  not  molten,  lava. 

The  other  variety  of  chert  found  in  the  Franciscan 
Formation  is  restricted  in  occurrence  to  beds  of  lime- 
stone. Where  it  occurs  with  black  or  white  limestone, 
this  chert  is  dark  to  pale  gray,  but  where  it  occurs  in 
pink  limestone,  the  chert  is  also  colored  pink  or  red  | 
by  finely  divided  iron  oxides.  Typically  this  kind  of  ! 
chert  is  found  in  small  nodules  or  short  lenses,  but 
locally  it  is  abundant  enough  to  form  thin  beds  which 
alternate  with  the  limestone  beds. 

LIMESTONE 

Limestone  is  rare  in  tlie  Franciscan  eugeosvnclinal 
assemblage  and  constitutes  less  than  0.1  percent  of  the 
total  volume  of  sedimentary  rock.  Most  exposures  of 
limestone  lie  east  of  the  San  Andreas  fault  and  within 
a  narrow,  northwesterly  trending  belt  which  extends 
from  the  San  Juan  Bautista  quadrangle  in  the  south  to 
the  Scotia  quadrangle  in  the  north  (fig.  16).  Between 
the  Scotia  quadrangle  and  Oregon  no  limestone  has 
been  found,  but  a  similar  limestone,  designated  the 
Whitsett  Limestone  Lentils  b\'  Diller  (189S),  occurs 
near  iM\rtle  Creek,  Oregon.  Limestone  is  virtually 
unknown  in  the  Diablo  Range  and  in  the  entire  east- 
ern half  of  the  northern  Coast  Ranges.  In  the  southern 
Coast  Ranges,  west  of  the  Xacimiento  fault,  limestone 
apparentl\-  occurs  in  the  Franciscan  only  as  a  few 
small  lenses.  Page,  Marks,  and  Walker  (1951,  p.  1732) 
report  discontinuous  lenses  less  than  2  feet  thick  in  the 
Franciscan  northeast  of  Santa  Barbara,  and  Taliaferro 
(1943a,  p.  144)  mentions  the  presence  of  red  algal 
limestone  interbcddcd  w  ith  chert  in  tiie  western  part 
of  tiie  Adelaida  quadrangle,  San  Luis  Obispo  County. 
These  southern  limestones  are  poorly  know n  and  ha\e 
yielded  no  diagnostic  fossils;  their  relation  to  other 
Franciscan  limestone  has  not  been  established. 

The  most  extensive  development  of  Franciscan 
limestones  is  found  on  the  San  Francisco  peninsula 
(Lawson,  1914;  Walker,  1950),  where  the  beds  arc- 
thickest  and  exposures  most  continuous.  The  limestone 
occurs  as  isolated  masses  in  a  linear  belt  extending 
from  Rockawa\'  Beach  on  the  Pacific  Ocean  coast 
southeastward  for  a  distance  of  about  10  miles,  where 
it  is  truncated  b\'  the  San  Andreas  fault.  On  the  east 
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Photo  33.  Colera  type  of  limestone  with 
chert  nodules.  Llogos  Creek,  Morgan  Hill  quod- 
ronqle. 


side  of  the  fault,  the  limestone  recurs  about  16  miles 
to  the  south  on  Black  Mountain  in  the  Palo  Alto 
quadrangle,  and  it  continues  southward  as  isolated 
exposures  into  the  northern  part  of  the  San  Juan  Bau- 
tlsta  quadrangle.  On  the  San  Francisco  peninsula  the 
limestone  is  extensively  quarried  for  cement  and 
crushed  rock  for  road  materials  and  aggregate,  but 
elsewhere  most  masses  are  smaller,  and  have  more  lim- 
ited economic  potential. 

Exposures  of  Franciscan  limestones  are  elongate  or 
lenticular  masses  from  a  few  feet  to  as  much  as  a  mile 
in  length  and  from  several  feet  to  400  feet  or  more  in 
thickness.  iVIost  are  small,  isolated  masses  only  a  few 
feet  thick.  Some  of  the  lenticularity  of  the  limestone 
bodies  can  be  ascribed  to  tectonic  dislocations,  but  ini- 
tial deposition  of  at  least  some  of  them  was  as  small 
lenses,  and  beds  with  a  depositional  continuity  of  over 
a  mile  were  probably  uncommon.  The  isolated  masses 
do  not  ever\'wherc  lie  at  exactly  the  same  stratigraphic 
horizon,  but  their  fossil  content  indicates  that  all  were 
deposited  during  only  a  brief  part  of  the  time  spanned 
by  the  deposition  of  the  entire  assemblage  of  Fran- 
ciscan rocks. 

Several  different  types  of  limestone  have  been  rec- 
ognized, but  the  most  common  kinds  are  a  white- 
weathering,  light-  to  dark-gray  type  which  Lawson 
(1902,  p.  416;  see  also  Lawson,  1914)  named  the  Cal- 
era  Limestone,  and  a  pink  to  deep-red  laminated  lime- 
stone which  is  best  known  from  exposures  near  Lay- 
tonville  in  the  northern  Coast  Ranges.  These  two 
types  of  limestones  gencrall\'  do  not  occur  together, 
but  they  are  nearly  of  the  same  age.  We  herein  refer 
to  the  red  limestone  as  the  Laytonville-type  limestone 
and  the  white  as  the  Calera-type,  as  exact  correlation 
of  the  various  masses  cannot  vet  be  made. 


Chert  is  commonly  associated  with  Franciscan  lime- 
stones and  in  places  constitutes  30  percent  or  more  of 
the  total  volume.  It  occurs  both  in  lenticular  beds  and 
as  isolated,  generally  loaf-shaped  nodules  (photos  33 
and  34).  Chert  associated  with  the  iron-poor  Calera- 
type  limestone  ranges  in  color  from  light  gray  to 
black  and  is  usually  highly  fractured  and  cut  by  many 
thin  veins.  The  chert  that  occurs  with  the  Laytonville- 
type  limestone  is  generally  red,  as  both  it  and  the 
limestone  contain  goethite.  The  red  cherts  with  the 
limestone  locally  contain  Radiolaria  and  seem  to  be 
similar  to  the  typical  rhythmically  layered  Franciscan 
cherts  that  are  closely  associated  with  greenstones. 

C (tier a  type  of  Ihnestone.  The  Calera  Limestone  was 
named  by  Lawson  (1902,  p.  416)  for  exposures  in  sea 
cliffs  at  the  lower  end  of  Calera  Valley,  San  jMateo 
County.  It  was  later  relegated  b\'  Lawson  (1914)  as 
the  basal  member  of  his  Cahil  Sandstone.  As  typically 
developed,  this  limestone  is  dense,  aphanitic,  massively 
bedded,  and  locally  it  contains  abundant  Foraminifera. 
Its  color  ranges  from  light  gray  to  bluish  gray  to 
nearly  black,  with  lighter  shades  predominating.  Lo- 
cally, some  beds  have  a  light-pink  to  flesh  or  salmon 
color,  but  none  are  deep  pink  or  red.  At  its  type  local- 
it\'  near  Rockawa>'  Beach  on  San  Francisco  peninsula, 
the  Calera  Limestone  Member  of  the  P'ranciscan  For- 
mation forms  a  lens-shaped  body  at  least  200  feet 
thick,  which  iVliranda  (1947)  subdivided  into  five  al- 
ternating zones  of  gray  and  black  limestone.  The  gray 
limestone  units  are  very  fine  grained,  well  bedded,  cut 
by  many  thin  calcitc  veins  and  contain  abundant  Fo- 
raminifera (photos  3.>,  36,  and  44).  The  black  limestone 
units  have  thinner  beds,  fewer  calcite  veins,  fewer 
Foraminifera,  and  a  coarser  grained,  granular  texture. 
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Photo   34.      Catera   type   of    limestone    with 
ement   Co.    quarry,    Palo   Alto    quadrangle. 


interbedded   chert   layers   (dark   gray),   Permanente 


On  being  struck  with  a  hammer,  the  black  limestone 
emits  a  strong  bituminous  odor. 

Farther  south  in  the  quarries  of  the  Permanente 
Cement  Co.,  near  Los  Altos  in  the  Palo  Alto  quad- 
rangle and  in  scattered  outcrops  in  the  New  Almaden 
area,  a  limestone  like  the  Calera  is  divisible  into  an 
upper  light-colored,  foraminiferal  unit  and  a  lower 
bluish-gray  unit  in  which  Foraminifera  are  rare  or 
absent.  In  the  southern  part  of  the  Permanente  quarry, 
the  upper  light-colored  unit  is  split  into  two  mem- 
bers by  an  intervening  basaltic  layer  (photo  37).  Based 
on  information  supplied  by  Mr.  Don  Towse,  geologi.st, 
Permanente  Cement  Co.,  a  generalized  stratigraphic 
section  of  the  limestone  in  the  Permanente  quarry  is 
as  follows: 


stratigraphic 
unit 


Thickness 
(in  feet) 


Average  CaCOj  con- 
tent of  bulk  samples 
that  include  inter- 
bedded chert 
(in  percent) 


Upper  "white"  limestone  130 

Basalt  90 

Lower  "white"  limestone  110 

"Blue"  limestone  160 
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Fault  contact  with  Franciscan  volcanic  rocks. 

Glauconitic  limestone  occurs  in  the  New  Almaden 
area  as  small,  isolated  masses.  This  limestone  is  coarsely 
crystalline,  contains  numerous  lenses  and  pellets  of 
glauconite,  and  lacks  interbedded  or  nodular  chert  and 
Foraminifera.  It  appears  to  occur  stratigraphically 
above  other  lenses  of  light-colored  limestone  that  more 
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Photo  35.  Photomicrograph  of  Colera  type  of  limestone  showing 
benthonic  and  pelagic  Foraminifero.  Note  colcite  vein  cJispiaced  by 
stylolite.   Black  Mountain,   Palo   Alto  quadrangle. 


Photo  36.  Photomicrograph  of  Calera  type  of  limestone  from  Black 
Mountain  in  the  Polo  Alto  quadrangle.  Foraminifero  are  pelagic  types 
and  consist  chiefly  of  globotruncanids  and  globogerinids. 


^^>, 


Photo   37.      Calera  type  of  limestone  overlain  by   Franciscan  greenstone.  Permonente  Cement  Co.  quarry,  Pato  Alto  quadrangle. 
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Photo  38.      Oolitic 
Gatos  quadrangle. 


□  n    limestone    from    Longv 


anyon,    Los 


Photo   39.      Oolitic    Franciscan    limeston 
Gatos  quadrangle  showing  algal   (?)   pisolites 
gastropod    and    an    oolitic    lump. 


'ith    nuclei   consisting   of   o 


closely  resembles  the  Calera  Limestone  at  its  type 
locality. 

Oolitic  limestone,  apparently  a  phase  of  the  Calera- 
type  limestone,  occurs  at  one  locality  south  of  New 
Almaden.  It  is  prominently  exposed  as  a  few  scattered, 
lenticular  beds  approximately  50  feet  thick  and  several 
hundred  feet  long.  The  lowest  exposed  portion  is  com- 
posed of  10  to  20  feet  of  massive,  coarsely  crystalline 
limestone  which  shows  no  bedding,  current  features 
or  any  definite  traces  of  organic  debris,  and  the  upper 
portion  is  oolitic  (photos  38  and  39).  The  oolitic 
part,  however,  is  not  clearly  separated  into  distinct 
beds  but  occurs  as  irregular  masses  within  structure- 
less, crystalline  limestone.  These  oolitic  parts  exhibit 
no  bedding,  channelling,  or  other  evidence  of  current 
activity  such  as  is  normally  associated  with  oolitic 
limestones.  Most  of  the  ooliths  are  well  sorted  and 
have  an  average  diameter  of  about  0.3  mm.  Their 
nuclei  consist  of  a  variety  of  material  including  clear 
grains  of  calcite,  dense  microcrystalline  calcite,  shell 
fragments,  echinoid  plates  and  spines,  fragments  of 
coral,  and  corroded  pieces  of  volcanic  rock.  The 
matrix  consists  of  clear,  fineh'  crystalline  calcite.  The 
thickness  of  the  oolitic  coating  varies  from  the  thin 
skin,  consisting  of  one  or  two  layers  surrounding  a 
large  nucleus,  to  many  layers  surrounding  a  minute 
nucleus.  The  microcrystals  of  calcite  forming  the 
concentric  layers  are  all  arranged  radially,  rather  than 
tangentially  as  arc  the  aragonite  crystals  in  recently 
formed  ooliths  (Rusnak,  1960,  p.  471-480). 

Locally  within  this  oolitic  limestone  mass,  ooliths 
of  two  different-sized  groups  occur  together.  Large 
ooliths,  or  pisolites,  averaging  about  2.0  mm  in  diam- 
eter are  interspersed  in  a  groundmass  of  small  ooliths 


averaging  about  0.2  to  0.3  mm  in  diameter  (photos  39, 
40).  The  pisolites  tend  to  have  irregular  concentric 
layers  which  are  neither  as  thick  nor  as  sharply  defined 
as  those  in  the  small  ooliths.  Nuclei  of  the  pisolites 
consist  of  minute  gastropod  shells,  organic  debris  in- 
cluding echinoid  plates  and  spines,  shell  fragments, 
and  algal  fragments,  together  with  altered  vesicular 
mafic  glass,  and  aggregates  of  smaller  ooliths.  Forami- 
nifera  were  not  observed,  either  as  nuclei  or  in  the 
matrix,  but  possibly  some  of  the  comminuted  organic 
debris  consists  of  foraminiferal  remains.  Despite  the 
abundance  of  fossil  debris,  only  a  few  relatively  well 
preserved  megafossils  have  been  found  in  this  oolitic 
limestone.  These  include  an  echinoid,  Stereocidaris 
bailey i  Fell,  of  Late  Cretaceous  age  (see  Fell,  1962, 
p.  29)  and  a  specificall)-  indeterminable  specimen  of 
Neriiiea. 

The  occurrence  of  pisolites  and  ooliths  together  is 
anomalous  in  that  most  oolitic  limestone  are  very  well 
sorted  (Rusnak,  1960;  Newell  and  others,  1960).  This 
association  of  ooliths  of  two  sizes  suggests  mixing  of 
material  from  two  different  environments  or  two  dif- 
ferent modes  of  formation.  Possibly  the  larger  pisolites 
were  formed  by  algal  growth  around  a  nucleus  which 
consisted  of  organic  debris,  rock  fragments,  or  oolitic 
lumps.  Similar  algal  pisolites,  formed  by  Sphaeroco- 
ditnii  bcrnemamii  Rothpletz,  have  been  illustrated  by 
Hagn   (1955,  pi.  7).  A  comparable  mi.xing  of  small 


Photo  40     (opposite).      Oolitic     Franciscan     limestone    from     Lon 
canyon,    Los   Gatos   quadrangle,   showing    larger   algal(?)    pisolites 
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Photo  41  (above).  Orgonlc-detrital,  pelletol  Fran- 
iscan  limestone  from  Flfield  Ridge,  San  Mateo  quod- 
angle,   showing   pieces  of  corals   and    bryozoons. 


ove).  Organic-detritol,  pelletol 
from  Fifield  Ridge,  Son  Mateo 
coloniol   Ihermatypic)  corals. 


Photo  43  (below).  Orgonic-detrital,  pelletol  Fran- 
scan  limestone  from  Fifield  Ridge,  San  Mateo  quod- 
Jngle,   showing   solitary   corals. 


Photo  44  (below).  Franciscan  red  limestone  (Lay- 
3nville-type)  from  near  Annopolis,  Skoggs  quad- 
angle,   showing    Forominifero   (moinly   globotrunconids) 


'^nim 
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odlirhs  ;ind  ;ilg;il  pisolites  from  the  Green  River  Vor- 
iiinrion  of  I'occnc  age  is  described  h\'  Br;idle\'  (1929). 
lliiwcvcr,  the  drcen  River  pisolites  differ  from  tiie 
\er\-  round  Franciscan  pisolites  in  being  more  irreg- 
iil;n-  with  much  thicker  and  less  uniform  concentric 

l;l\  ci'S. 

iVi'haps  related  to  tiie  oc'ilitic  limestone  is  an  organic 
ikrrital  limestone  that  occurs  in  small  amounts  at  sev- 
cial  places  on  the  San  Francisco  peninsula,  notably  on 
Black  Mountain  west  of  Palo  Alto,  on  Fifield  Ridge 
w  est  of  Cr\stal  Springs  Reservoir,  and  in  Permanentt 
!  Creek  below  the  Permanente  Cement  Co.  quarr\ 
l  (photo  41).  This  rock  consists  of  rounded  grains  com- 
i  posed  of  skeletal  material,  larger  shell  fragments,  and 
;  finely  cr\  stallinc,  elongate,  dark-colored  pellets  set  in 
[a  clear  calcite  luatrix.  The  rounded  grains  average 
I  about  0.15  mm  in  length  and  about  0.08  mm  in  width, 
althoucfh  there  is  much  variation  in  shape  and  size, 
liicntifiablc  organic  material  consists  of  molluscan  shell 
fragments,  algal  debris,  echinoid  plates  and  spines, 
pieces  of  br\ozoans,  and  small  solitary  corals  and  frag- 
ments of  probable  hermatvpic  colonial  corals  (photos 
42  and  4^0. 

l^ayto/ivillc  type  of  limestone.  The  red,  or  Layton- 
ville  type  of  limestone  is  not  as  abundant  as  the  white 
Calera-t\'pe  limestone,  and  it  usualh  occurs  in  much 
smaller  and  thinner  patches.  One  exposure  near  La\- 
tonville  has  a  thickness  of  nearh-  100  feet  (F.  W.  Hart, 
written  cfinimunication,  1963).  Because  the  red  lime- 
stone occurs  in  smaller  masses  than  the  Calera-t\pe 
limestone,  and  is  also  less  pure,  it  has  not  been  regarded 
as  a  potential  source  for  cement  and  has  received  little 
study.  The  red  color  is  due  to  the  presence  of  feriu- 
ginous  material,  which  ma\  constitute  as  much  as  40 
percent  of  the  total.  As  determined  by  X-ray,  this  red 
mineral  is  chiefly  geothite,  identical  to  that  found  in 
the  red  Franciscan  chert.  In  some  deposits,  the  red 
limestone  is  well  laminated  or  may  show  1-inch  color 
banding,  but  in  others  it  is  massive  and  shows  little  or 
no  internal  structure.  Interhcdded  red  chert  commonly 
occurs  with  the  red  limestone.  Although  the  same 
kinds  of  Foraminifera  are  equally  abundant  in  the  Lay- 
tonville  and  Calera  types  of  limestone  (photo  44). 
megafossils  are  unknown  in  the  reel  \  ariety. 

Formuiiiijera.  Locally,  Foraminifera  arc  extremely 
abundant  in  both  the  Laytonville  and  Calera  types  of 
limestone,  and  in  some  instances  as  much  as  50  percent 
of  the  rock  is  composed  of  foraminiferal  tests.  Within 
the  Foraminifera-rich  part  of  the  limestone,  Forami- 
nifera are  scattered  throughout  the  microcrystallinc 
matrix  with  random  orientation  and  generally  with  no 
sign  of  bedding  or  of  having  been  sorted.  There  is 
no  indication  that  the  matri.x  has  been  winnowed,  w  ith 
a  resulting  concentration  of  the  foraminiferal  tests.  In 
one  specimen  of  red  limestone,  however,  graded  bed- 
ding was  noted,  w  ith  large  Foraminifera  c(jnccntrated 
at  the  base  of  each  bed  and  with  successivel\-  smaller 
P'oraminifera  tow  ard  the  top.  Several  repetitions  of  this 


se(]uence  occui'  in  a  single  thin  section  (photo  44). 
In  much  <if  the  limestone,  however,  Foraminifera  are 
lacking,  and  their  absence  appears  to  be  a  primary  fea- 
ture, as  much  of  the  rock  consists  of  very  fine  grained, 
microcrystallinc  calcite  that  has  not  recrystallizcd.  The 
I'oraminifera  consist  predominantly  of  pelagic  forms, 
including  globigerinids  and  globotruncanids.  Benthonic 
Foraminifera  generally  are  rare,  but  at  one  locality,  in 
the  New  Almaden  area,  Cushman  and  Todd  obtained 
a  fairl\  abundant  benthonic  fauna  from  a  tuffaceous 
bed  interhcdded  w  ith  Calera  type  of  limestone.  These 
forms  include:  Ciaiidi\'um.  Vseiidoclavtdiim.  Areiiohih 
liiniiia,  I'litdxiliiia,  Epojiides,  and  others. 

Chemical  composition  and  wsoliible  residue.  Chem- 
ical anahses  of  the  Calera  type  of  Franciscan  limestone 
are  gi\'cn  in  table  11,  and  more  complete  new  analyses 
i)f  the  I,a\tonville  type  arc  given  in  table  11a.  The 
anahses  indicates  that  both  types  of  limestone  contain 
unusuall\'  small  amounts  of  magnesium  and  phosphate. 
They  also  show  that  the  red  limestone  differs  from 
the  Calera  variety-  chiefly  in  its  much  larger  content  of 
ferric  oxide,  present  as  goethite.  and  its  larger  content 
of  manganese  oxide,  which  is  probabK  present  in  the 
form  of  manganese  carbonate. 

Insoluble  residues,  available  onh  for  the  purei 
Calera-type  limestone,  have  been  studied  h\  Pantin 
(  1946)  and  iMiranda  (  194").  The  material  insoluble  in 
HCl  averages  between  1  and  2  percent  and  ranges 
from  a  low  of  0.005  percent  to  over  20  percent.  The 
residues  consist  largely  of  chert,  gre)-  and  black  authi- 
genie  silt,  and  very  fine  grained  quartz  sand,  but  in- 
clude minor  pyrite,  barite,  garnet,  glauconite,  organic 
matter,  limonite  pseudomorphic  after  pyrite,  and  limo- 
nite  pseudomorphic  after  microfossils.  Authigenic  pseu- 
docubic  quartz  is  abundant  locally  and  is  particular!) 
common  in  the  oolitic  limestone,  w  here  it  disrupts  the 
concentric  layers  of  ooliths. 

Relation  of  limestone  to  other  rocks.  Both  the  red, 
or  Lavtonville-type,  and  the  white-weathering,  or 
Calera-type,  limestones  generalh  occur  with  volcanic 
rocks,  but  in  most  cases,  details  of  the  contacts  art 
obscure  because  of  structural  complexities  or  inade- 
(]uate  exposures.  Red  limestone  seems  to  occur  invari- 
ably with  pillow  basalts  and  is  found  as  matrix  sepa- 
rating pillows,  draped  over  the  top  of  masses  of  pillows, 
or  interbedded  w  ith  red  radiolarian  chert  in  a  volcanic 
rock-chert  sequence.  The  w  hite  limestone  of  the  Ca- 
lera type  appears  to  be  most  commonly  associated  with 
(lyroclastic  volcanic  rocks,  rather  than  with  pillow 
basalts,  and  thin  Jieds  of  tuff  are  locally  found  inter- 
hcdded with  limestone.  In  a  few  places,  particularly 
in  the  Los  Gatos  and  San  Juan  Bautista  quadrangles, 
lenses  of  white  limestone  seem  to  be  interbedded  w  ith 
gra\  w  acke  rather  than  w  irh  \-olcanic  rocks. 

Orifrin.  1  he  origin  of  the  \arious  kinds  of  limestone 
in  the  assemblage  of  I'ranciscan  rocks  can  be  ascribed 
to  several   different,   but  probably   related,   processes. 
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Table  11.    Analyses  of  Calera  type  of  Franciscan  limestone. 


1 

2 

3 

4 

5 

6 

Si02       --- 

2.08 

\  0.56 

0.20 
54.44 
42.92 

1.52 

0.47/ 

0.14 
54.84 
43.33 

1.56 
0.47 
0.22 
0.21 
54.43 
42.99 

17.2 

1.4 

0.6 

0.3 

44.2 

(34.7) 

0.91 
0.61 
0.30 
0.77 
55.11 
42.24 

0.08 

Al-Os 

Nil 

FejOs             

0.07 

MgO 

CaO 

CO2             -      .  - . 

0.34 
53.8 
44.7 

Total 

CaC03 

100.25" 
97.36 

100.45'> 
98.17 

99  99e 

97.42 

98.4 
78.9 

100.36" 
97.35 

99.87" 
98.5 

1-2.  Limestone  from  Permanente  Canyon,  Palo  Alto  quadrangle,  Santa 
Clara  County,  California.  (Lawson,  1919,  p.  5).  Analysis  by  W.  L. 
Lawson. 

3.  Limestone  from  Black  Mountain,  Palo  Alto  quadrangle,  Santa  Clara 
County,  California.  (Huguenin  and  Costello,  1921,  p.  185).  Analysis  by 
S.  A.  Tibbelts;  recast. 

4.  Average  of   8    analyses  of  bulk  limestone  from  Permanente   Quarry, 
quadrangle,   Santa  Clara  County,   California.   Data  supplied  by 
e  Cement  Co.;  analyst  unknown.  CO.  calculated, 
ic    limestone    from    Longvvall    Canyon,    Los    Gatos    quadrangle, 
a   Count}',   California.    Analysis   by    A.    C.    Vlisidis,    U.S.    Geol. 


Palo  Altc 
Permaner 

5.  Ool 
Santa  CI; 
Survey. 

6.  Oolitic    sand    from    Do 
(Newell,   Purdy,    and    Imbric,    1960, 
»  Includes  0.05  H„0  and  trace  of  SO: 
^  Includes  trace  of  SO.[  and  P.Or,. 

'  Includes  0.05  Mn.Oa,  0.15  H.'O,  and  0.06  P.,Oe. 
J  Includes  0.01   MnO,  0.10  U..O,  and  0.i\   P.,6-. 
'Includes  0.34  NaOC?),  0.04   K,  0.19  NaCl(?), 


Harbor.  South  Cat  Cay,  Bahama  Islands 
489).  Analysis  by  Arthur  Horen. 
id  P.,0,. 


ported 


"loss  ( 


ignil 


and  probably  include 


and  0.30   SO^.  CO. 


Some  small  deposits,  such  as  the  organic  detrital,  pel- 
letal  limestones,  were  formed  mainly  by  meclianical 
abrasion  of  shell  material;  and  others,  such  as  the 
oolitic  limestone  in  the  New  Almaden  area,  were 
formed  by  chemical  precipitation  in  shallow,  agitated 


Table  11a.    Analyses  of  Laytonville  type  of 
Franciscan  limestone. 


1 

2 

Si02          

2.0 
0.61 

2.3 

0.23 

0.00 

52.8 
0.10 
0.08 
0.32 
0.66 
0.02 
0.12 
0.48 

40.7 

2.4 

AI2O3        

0.42 

Fe-Oa 

2  6 

FeO 

MgO 

CaO 

NaiO 

K-0          ^   - 

0.00 
0.00 
50.0 
0.14 
0.08 

H,0- 

0.34 

H2O+ 

0.65 

TiOj - 

0.02 

P-O5 

0.12 

MnO 

C0o,_ 

0.59 

41.5 

Total 

100 

92.5 
2.73 

99. 

CaCOa 

89.3 

Powder  density 

2.74 

1.  Red  limestone  (62-1).  From  crest  of  Smith  Ridge,  6,900  feet  N. 
36''W.  of  Black  Mountain,  Fort  Ross  7Vi-minute  quadrangle,  Skaggs  quad- 
rangle, Sonoma  County,  Calif. 

2.  Red  foraminiferal  limestone  (62  26).  North  Branch  Road,  3,000 
feet  S.  25°  W.  of  Rockpilc  Peak,  Ornbaun  SE  7Vi  minute  quadrangle, 
Ombaun  quadrangle,  Mendocino  County,  California. 

Samples  analyzed  by  methods  described  in  U.S.  Gcol.  Survey  Bull. 
1144  A.  Analyses  by  Paul  Elmore,  S.  D.  Botts,  Gillison  Chloe,  Lowell 
Artis,  H.  Smith. 


waters.  For  the  bulk  of  the  Franciscan  limestone,  how- 
ever, an  origin  different  from  either  of  the  two  men- 
tioned seems  to  be  required. 

The  presence  of  appreciable  amounts  of  pelagic 
foraminiferal  tests  in  the  Franciscan  limestone  at  first 
suggests  an  analogy  with  Recent  deep-sea  GJobigcrina 
ooze  deposits,  but  other  features  seem  to  contradict 
this.  Today,  Globigerina  oozes  are  forming  in  warmer 
parts  of  oceans  above  a  critical  depth  wherever  deposi- 
tion of  terrigenous  material  is  scant,  and  much  is 
known  concerning  their  chemistry  and  rate  of  deposi- 
tion. According  to  Kuenen  (1950,  p.  352)  the  amount 
of  lime  in  such  Globigerina  oozes  ranges  from  30  to 
well  over  90  percent,  with  the  average  being  about  65 
percent.  The  higher  values,  which  are  those  that  ap- 
proach the  values  of  Franciscan  limestones  most 
closely,  are  reported  from  oozes  obtained  from  depths 
of  1,000  meters  or  less,  and  the  lower  values  are  re- 
ported from  depths  of  4,000  to  5,000  meters.  Below 
this  latter  depth,  the  amount  of  lime  in  sediments  de- 
creases abrubtly,  owing  mainly  to  dissolution  of  lime 
in  colder,  more  highly  carbonated  water. 

The  scarcity  of  terrigenous  material  in  the  Francis- 
can limestone  indicates  either  that  the  currents  respon- 
sible for  deposition  of  graywacke  and  shale  were 
prohibited  from  reaching  sites  of  limestone  deposition, 
or  that  limestone  deposition  was  so  extremely  rapid 
as  to  mask  the  terrigenous  increment.  Conceivably, 
deposition  of  limestone  on  topographically  high  areas 
or  on  volcanic  seamounts  could  effectively  isolate  the 
limestone  from  contamination;  however,  Hamilton 
(1956,  p.  34)  and  others  have  shown  that  current  ac- 
tivity is  sufficient  to  maintain  Recent  seamounts  as 
regions  of  nonaccumulation  of  Globigerina  ooze.  Pos- 
sibly, the  ooze  could  be  deposited  on  the  seamounts 
and  then  be  washed,  or  slumped,  into  adjoining  pro- 
tected basins  where  it  could  accumulate  as  discontin- 
uous, lens-shaped  masses.  Although  both  the  organic 
detrital  and  oolitic  limestones  may  have  been  displaced 
from  shallow  into  deeper  water,  the  more  abundant 
foraminiferal  limestones  show  no  evidence  of  having 
been  winnowed  or  sorted  by  current  activity,  nor  have 
slump  structures  or  other  features  indicative  of  mass 
movement  been  observed.  A  lack  of  mixing  together 
of  interbedded  limestone  and  tuffaccous  volcanic  ma- 
terial also  argues  against  sliding  or  slumping.  Average 
rates  of  deposition  of  Globigerina  ooze  in  the  .Atlantic 
and  Indian  Oceans  were  determined  by  Schott  (1939) 
as  1.2  and  0.6  cm  per  1,000  years.  At  an  average 
depositional  rate  of  1.0  cm  per  1,000  years,  the  age 
span  of  tlic  tiiickest  of  the  bodies  of  the  Calera-type 
limestone  would  be  about  20  million  years,  or  equal 
to  about  half  of  tiie  entire  Late  Cretaceous.  .Mthough 
the  age  span  of  the  Franciscan  limestone  is  not  known 
precisely,  no  clear-cut  palcontologic  sequence  or  age 
differentiation  has  been  established,  even  within  lime- 
stone masses  that  are  hundreds  of  feet  thick.  This 
suggests  that  deposition  was  quite  rapid  and  probabh- 
exceeded  the  present  rate  of  accumulation  of  ooze. 
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These  differences  between  Franciscan  limestone  de- 
posits and  Recent  Globigerhia  ooze  deposits  are  suffi- 
cient to  suggest  that  the  Franciscan  limestone  may  have 
had  a  different  mode  of  origin.  Judging  from  its  ex- 
tremely fine  grain  size,  its  sporadic  distribution  in 
lens-shaped  pods,  its  nearly  constant  association  with 
volcanic  rocks,  as  well  as  the  variable  abundance  and 
seemingly  random  distribution  of  Foraminifera,  the 
typical  Franciscan  limestone  may  have  been  a  re- 
sult of  volcanic  activity  and  formed  by  direct  chem- 
ical precipitation  of  calcite  with  concomitant  ac- 
cumulation of  minor  amounts  of  organic  shell 
material,  mainly  foraminiferal  tests.  A  similar  asso- 
ciation of  submarine  volcanic  rocks,  red  limestone, 
and  chert,  lithologically  comparable  to  the  Franciscan, 
has  been  described  b\'  Park  (1945)  from  the  Olympic 
Mountains,  Washington.  Park,  drawing  on  earlier 
work  of  Kania  (1929),  suggested  that  submarine  ex- 
trusion of  lava  together  with  fumarolic  activity  caused 
the  precipitation  of  CaCO.i  through  the  release  of  COj 
by  agitation  and  warming  of  die  sea  water.  Lime  may 
have  been  made  available  by  the  reaction  of  sea  water 
and  erupting  magma,  as  chemical  analyses  of  pillow 
lavas  and  tuffs  (see  tables  4-7)  suggest  that  mafic 
Franciscan  magmas  lost  large  amounts  of  lime  to  the 
ocean.  The  abundant  ferruginous  material  in  the  red 
limestone  may  also  have  resulted  from  the  reaction  of 
sea  water  and  lava  and  the  coprecipitation  of  ferric 
hydroxide.  Its  similarity  to  the  coloring  matter  in  the 
red  Franciscan  cherts  and  shales,  as  well  as  local  oc- 
currences of  red  limestone  and  chert  together,  suggests 
a  common  origin  of  the  ferruginous  material  in  both 
limestone  and  chert.  The  absence  of  ferruginous  ma- 
terial in  the  light-colored  limestone  of  the  Calcra  type 
indicates  a  somewhat  different  environment,  perhaps 
due  to  a  difference  in  depth  of  deposition  in  which 
iron  either  was  not  extracted  from  the  magma  or  re- 
mained in  solution  in  the  sea  water  as  a  ferrous  com- 
pound. It  may  be  significant  that  all  of  the  limestones 
that  afford  some  textural  or  faunal  indication  of  shal- 
lo\\-water  origin  are  associated  with  the  relatively  iron 
free  Calera  type. 

In  summary,  the  bulk  of  Franciscan  limestones  ap- 
pears to  be  chemical  precipitate  genetically  associated 
with  volcanism.  Differences  in  the  environment  of 
deposition  led  to  eitiier  the  formation  of  a  light-col- 
ored, iron-free,  Calera  type  of  limestone,  or  to  the 
red  iron-rich,  Laytonville  type.  The  depth  of  water  in 
which  the  limestone  was  deposited  is  not  known  with 
assurance,  but  the  dominance  of  open-ocean,  pelagic 
Foraminifera,  and  the  scarcity'  of  a  shallow-water 
benthonic  mega-  and  micro-fauna,  suggests  fairh"  deep 
water,  perhaps  bathyal,  for  the  majority  of  the  de- 
posits. However,  other  kinds  of  limestone,  which 
occur  in  small  amounts,  are  nonferruginous  oolitic 
limestone  and  organic  detrital  limestone.  Both  of  these 
clearly  originated  in  shallow  water,  perhaps  in  the 
vicinity  of  seamounts  or  islands,  but  their  present 
restricted  distribution  in  small  pods,  and  their  associa- 


tion with  supposed  deeper  water,  foraminiferal  varie- 
ties, suggest  redeposition  in  deeper  water  through  the 
action  of  submarine  slides  or  turbidity  currents. 

ULTRAMAFIC  ROCKS 

Ultramafic  rocks,  chiefly  scrpentinites,  comprise  a 
significant  part  of  the  Franciscan  terrane  and  are  of 
considerable  economic  interest,  because  they  contain 
all  of  the  chromite,  magnesite,  and  asbestos  deposits 
and  many  of  the  highly  productive  mercury  deposits 
of  the  Coast  Ranges.  Tests  made  in  Russia  (Asinkritov, 
1956)  suggest  all  the  ultramafic  rock,  except  the  most 
sheared  serpentinite,  should  be  suitable  for  road  metal 
for  "cold-asphalt"  roads.  In  addition,  because  of  their 
unusual  physical  properties,  the  more  serpentinized 
varieties  are  of  special  concern  to  engineering  geolo- 
gists dealing  with  problems  of  highway  or  dam  coiv 
struction.  Tiic  ultramafic  rocks  are  generally  excluded 
from  the  Franciscan  when  it  is  treated  as  a  formation, 
because  these  rocks  intrude  the  Franciscan  sedimen- 
tary and  volcanic  rocks.  They  are,  however,  an  integ- 
ral part  of  the  eugeosynclinal  assemblage,  as  are  ultra- 
mafic rocks  in  similar  a.ssemblages  in  other  parts  of 
the  \\orld,  and  therefore  no  discussion  of  the  eugeo- 
synclinal assemblage  that  omits  the  ultramafic  rocks 
could  be  considered  to  be  complete. 

The  ultramafic  rocks  are  widely  distributed  through- 
out the  entire  expanse  of  the  Franciscan,  and  although 
most  areas  comprising  several  hundred  square  miles 
of  Franciscan  rocks  will  be  found  to  contain  at  least 
some  ultramafic  masses,  the  masses  are  generally  largest 
and  most  abundant  along  or  near  contacts  bersveen  the 
Franciscan  and  the  Great  Valley  sequence  (pi.  1). 
Ultramafic  masses  are  of  equal  or  greater  abundance 
in  the  Paleozoic  and  older  iVIesozoic  rocks  of  the 
Klamath  Mountains  and  western  Sierra  Nevada  prov- 
inces, but,  curiously,  the  metamorphic  and  granitic 
terrane  in  the  southern  Coast  Ranges  betAveen  the  San 
Andreas  and  Nacimiento  faults  is  nearly  devoid  of 
ultramafic  rocks  (Fiedler,   1944). 

The  Franciscan  ultramafic  rocks  are  all  intrusive,  in 
contrast  to  the  mafic  Franciscan  greenstones,  which 
are  predominantly  extrusive.  The  ultramafics  occur  as 
dikes,  as  sills,  and  less  commonly,  as  plugs.  These 
terms,  however,  are  not  wholly  satisfactory  for,  as  will 
be  subsequently  discussed  in  greater  detail,  many  of 
the  scrpentinized  masses  appear  to  have  been  emplaced 
as  serpentine  rather  than  as  a  fluid  magma  or  even  a 
crystal  mush,  and  their  margins  are  therefore  faults 
rather  than  normal  igneous  contacts. 

Megascopic  features.  The  largest  ultramafic  body 
in  the  Coast  Ranges  is  the  sill-like  mass  that  through- 
out much  of  its  length  separates  the  assemblage  of 
Franciscan  rocks  of  the  northern  Coast  Ranges  from 
the  Great  Valley  sequence  exposed  along  the  west 
side  of  the  Sacramento  Valley.  This  mass  varies  in 
width  from  less  than  a  mile  to  5  miles  and  is  exposed 
over  a  length  of  nearly  70  miles.  Other  sill-like  masses 
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Photo   45.      Exposure   of   partly   serpentinized    peridotite   and    dunite    in    the    plughke    Cazod< 
ultromofic  moss,  Skaggs  quadrangle. 


have  roughly  similar  outcrop  proportions  but  range 
in  size  down  to  mere  pods  only  a  foot  or  less  in  width. 
Of  rarer  occurrence  are  pluglike  masses  that  are  a  few 
miles  in  maximum  diameter  and  roughly  elliptical  in 
horizontal  section.  Some  of  these,  like  the  Burro 
Mountain  (Cape  San  Martin  quadrangle),  Del  Puerto 
(Mount  Boardman  quadrangle).  Red  Mountain  (Leg- 
gett  quadrangle),  and  Cazadero  (Skaggs  quadrangle) 
masses  contain  large  amounts  of  unserpentinized  peri- 
dotite and  dunite,  but  the  still  larger  New  Idria  plug 
consists  of  wholly  serpentinized,  and  generally  sheared, 
ultramafic  rock  (Eckel  and  Myers,  1946,  p.  89). 

The  field  appearance  of  the  ultramafic  rocks  de- 
pends on  their  composition,  degree  of  serpcntinization, 
abundance  of  shears,  and  size,  and  on  local  climatic 
factors;  still  the  larger  masses  can  nearly  always  be 
recognized  even  from  a  distance.  The  surface  expres- 


sion of  the  typical  serpentinized  tabular  mass  of  mod- 
erate size  in  the  Coast  Ranges  is  a  boulder-strewn  slope 
on  which  the  vegetation  is  different,  and  generally  less 
dense,  than  in  the  adjacent  area.  In  many  places  the 
boulders  and  accompanying  soil  have  reddish  hues 
owing  to  o.xidation  of  the  iron  minerals  in  the  serpen- 
tine, but  in  some  areas  greenish  or  gray-green  hues 
predominate.  From  a  distance  the  slopes  may  displax 
a  crude  banding  that  is  a  result  of  a  variation  in  the 
size  or  quantity  of  the  boulders.  Closer  inspection  of 
good  exposures  or  roadcuts  reveals  that  the  typical 
serpentinite  mass  consists  of  two  different  compo- 
nents—blocks and  matrix.  The  blocks,  which  ma\- 
range  in  size  up  to  10  or  more  feet  but  are  generallx 
smaller,  consist  of  virtually  completely  serpentinized 
peridotite  in  \\hich  the  original  texture  is  well  pre- 
served. Pyroxene  crystals  are  replaced  by  a  serpentine 
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Photo  46  (left).  Typical  exposure  of  blocky 
serpentinlte.  Smooth  slopes  at  right  underlain  by 
graywacke.  Tiburon  Peninsula,  Marin  County. 
(Photo  fay  Salem  Rice.) 


Photo  47  (right).  Blocky  outcrop  of  serpen- 
tinlte derived  from  peridotite  showing  character- 
istic texture  developed  on  weathered  surfaces. 
Tiburon  Peninsula,  Marin  County.  (Pfioto  by  Salem 
Rice). 
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photo   48.      Bare     surface     developed 
iapiric  intrusion.  New  Idria  quadrangle. 


highly 


ed     serpentinite 


mineral  forming  "bastite,"  and  these  generally  re- 
semble phenocrysts  set  in  a  "groundmass"  of  serpen- 
tinized  olivine.  Owing  to  differential  weathering,  in 
outcrops  the  bastites  generally  protrude  above  the 
general  surface  of  a  boulder  giving  it  a  rough  appear- 
ance. The  shapes  of  the  larger  blocks  tend  to  be  rec- 
tangular with  rounded  corners,  whereas  the  smaller 
ones  are  generally  much  rounder.  Between  the  blocks 
is  a  highly  sheared,  nearly  schistose,  serpentinite  some- 
times referred  to  as  slickentite.  The  proportion  of 
"matri.x"  to  blocks  is  quite  variable,  there  being  gen- 
erally less  matri.x  where  the  blocks  are  largest,  and  a 
gradation  toward  a  marginal  zone  that  is  largely 
slickentite  with  only  small,  scattered,  rounded  boul- 
ders. Of  course,  there  are  many  departures  from  this 
generalized  description,  as  some  serpentinite  masses 
are  little  sheared  and  do  not  show  this  blocky  aspect, 


and  others  consist  entirely  of  sheared  serpentinite  in 
which  no  relict  textures  can  be  distinguished.  Smaller 
masses  that  are  completely  serpentinized  and  intensely 
sheared  are  not  resistant  and  are  normally  not  well 
exposed.  Such  masses  cannot  be  closely  delineated  in 
geologic  mapping,  but  many  that  underlie  swales  can 
be  recognized  by  a  mantle  of  distinctive  dark-gray  or 
black  soil  that  contracts  markedly  on  drying. 

The  less  common  masses  that  are  only  partly  ser- 
pentinized are  also  little  sheared,  and  they  present  a 
different  appearance.  Where  they  are  deeply  dissected, 
as  in  the  Cazadero  or  Del  Puerto  masses,  they  form 
picturesque  craggy  steep  slopes  or  cliffs  generally  of 
a  red,  reddish-orange,  or  red-brown  color.  On  these 
slopes  vegetation  is  sparse  and  exposures  may  be  nearly 
continuous  over  wide  areas.  Most  of  these  masses  have 
well-developed   joint  systems,   with   joints  spaced  at 
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few-inch  to  several-feet  intervals.  These  joints  tend  to 
control  the  weathering  and  the  paths  of  the  drainage- 
ways  down  the  steep  slopes.  In  a  few  places  on  the 
canyon  walls,  one  can  discern  layering  resulting  from 
an  alteration  of  olivine-  and  pyroxene-rich  layers; 
more  commonly  one  sees  an  irregular  pattern  of 
craggy  and  smooth  surfaces  resulting  from  irregular 
distribution  of  fresh  and  serpentinized  rock.  Flat  or 
rolling  upland  surfaces  that  remain  from  an  earlier 
cycle  of  erosion  are  found  on  some  of  the  ultramafic 
masses,  and  parts  of  these  surfaces  are  mantled  by  a 
deep,  brownish-red,  lateritic  soil,  which  may  locally 
contain  sufficient  nickel  to  be  of  commercial  value. 

The  effect  of  the  ultramafic  rocks,  and  the  soils 
derived  from  them,  on  the  vegetation  is  so  marked 
that  many  geologists  have  called  attention  to  it.  These 
effects  vary  greatly  with  the  local  climate.  For  ex- 
ample, in  the  most  northern  Coast  Ranges  digger  pine 
grows  chiefly  on  serpentinite,  and  azaleas  also  flourish 
in  serpentine  soil.  In  parts  of  the  drier  southern  Coast 
Ranges  manzanita  forms  a  dense  thicket  on  serpen- 
tinite but  is  sparse  on  the  other  rocks  in  the  same  area. 
The  Cazadero  mass,  which  is  only  partly  serpentinized, 
underlies  an  area  known  as  The  Cedars  as  it  supports 
a  dense  growth  consisting  chiefly  of  Sargent  cypress, 
incorrectly  referred  to  as  cedar,  and  this  growth  is 
quite  unlike  the  surrounding  vegetation  of  oak-studded 
grasslands  and  redwood-fir  forests.  The  vegetative 
selectivity  observed  on  both  fresh  and  serpentinized 
masses  seems  obviously  to  be  due  to  the  inability  of 
the  soil  to  support  most  plants,  but  whether  the  un- 
usual character  of  the  soil  is  due  to  an  excess  or  a 
deficiency  of  certain  elements  has  not  been  deter- 
mined. In  view  of  a  widespread  utilization  of  serpen- 
tinite soil  as  topsoil  for  home  lawns  and  gardens,  for 
which  the  only  thing  to  recommend  it  is  its  deep-black 
color,  more  should  be  learned  of  its  chemical,  and 
perhaps  its  physical,  deficiencies. 

Included  under  the  term  "ultramafic  rock"  are  sev- 
eral related  rocks  that  are  generally  given  different 
names  depending  on  the  relative  proportions  of  a  few 
primary  magnesium-iron  silicates,  chiefly  olivine  and 
pyroxenes,  plus  these  same  two  rocks  in  various  de- 
grees of  serpentinization.  Where  these  rocks  are  both 
completely  serpentinized  and  sheared,  the  parent  ultra- 
mafic rock  cannot  be  precisely  determined,  and  such 
rocks  can  be  classed  only  as  serpentinites.  Where  the 
rocks  are  wholly  serpentinized  but  are  unshcared,  the 
original  textures  are  largely  preserved.  As  the  serpen- 
tinization process  is  one  of  replacement  by  pseudo- 
morphism, the  relative  proportions  of  replaced  olivine 
and  pyroxene  may  readily  be  determined,  and  in  such 
cases  the  rocks  may  be  referred  to  as  serpentinized 
dunite  or  serpentinized  peridotite.  Many  of  the  other 
names  applied  to  varieties  of  ultramafic  rocks  are  based 
on  the  presence  or  abundance  of  orthorhombic  and 
monoclinic  pyroxenes.  However,  if  the  variety  of 
pyroxene  cannot  be  determined,  a  more  precise  name 


for  the  serpentinized  rock  cannot  be  applied.  Some  of 
the  Coast  Range  ultramafic  rocks  must,  therefore,  be 
classed  onl\'  as  serpentinite,  but  most  of  the  larger 
serpentinized  masses  contain  at  least  some  unsheared 
material,  thus  permitting  one  to  determine  if  the  par- 
ent rock  was  dunite  or  peridotite.  On  this  basis  of 
determination  it  is  clear  that  a  large  part,  probably 
over  90  percent,  of  the  Coast  Range  serpentinites  were 
originally  peridotite,  but  the  fresh  ultramafic  rocks 
that  have  been  studied  in  greatest  detail  have  come 
from  the  pluglike  masses  which  contain  a  much  higher 
proportion  of  dunite. 

Dunite,  which  contains  olivine  and  less  than  5  per- 
cent pyroxene,  though  comparatively  rare  in  either 
fresh  or  serpentinized  condition,  occurs  in  completely 
fresh  condition  in  the  central  parts  of  the  Cazadero, 
Burro  iVIountain,  Red  Mountain  (iMendocino  Co.), 
and  Del  Puerto  masses.  Serpentinized  dunite  also  oc- 
curs in  some  of  the  thicker  tabular  masses,  but  little 
is  known  of  the  distribution  of  the  dunite  within  them. 
Peridotite,  containing  more  than  5  percent  pyroxene 
as  well  as  olivine,  is  by  far  the  most  common  parent 
rock  for  the  Coast  Range  serpentines,  but,  except 
where  in  pluglike  masses,  it  is  generally  completely 
serpentinized.  The  quantity  of  p\roxene  in  the  unal- 
tered peridotite  reported  in  the  literature  ranges  from 
10  to  50  percent,  but  in  many  masses  it  amounts  to 
about  20  percent  and  is  rather  uniformly  distributed. 
Varietal  names  like  harzburgite,  saxonite,  Iherzolite, 
and  wehrlite  can  be  applied  to  different  types  of 
peridotite  if  the  pyroxenes  have  not  been  entirely 
serpentinized,  but  the  unserpentinized  rocks  are  rare. 
The  available  data  indicates  harzburgite  (saxonite), 
with  orthorhombic  pyroxene,  is  considerably  more 
abundant  than  varieties  with  a  clinop\Toxene.  P\rox- 
enite,  consisting  almost  entirely  of  enstatite  or  diallage, 
and  frequently  coarsely  crystalline,  is  more  resistant 
to  serpentinization  than  is  ultramafic  rock  containing 
olivine.  Pyroxenite  is  found  in  a  fresh  condition  in 
small  amounts  in  the  pluglike  masses,  in  places  as  late 
veins  along  joints,  and  locally  in  some  of  the  more 
serpentinized  sills. 

Microscopic  features.  Although  parts  of  several  ul- 
tramafic masses  were  mapped  in  considerable  detail  by 
the  Geological  Survey  during  World  War  II  in\csti- 
gations  of  chromite  deposits,  none  has  been  intcnsivcl\ 
studied  petrographically.  Thin  sections  of  fresh  dunite 
show  a  granular  aggregate  of  anhedral  crystals  of  oli- 
vine from  2  to  3  mm  in  size  and  accompanying 
anhedral  to  euhedral  grains  of  chromite  or  picotite  a 
little  less  than  1  mm  in  size.  Sections  of  peridotite 
reveal  pyroxene  crystals  a  little  larger  than  the  olivine 
crystals  and  with  better  developed  crystal  outlines. 
In  some  pcridotites  the  pyroxene  encloses  grains  of 
olivine.  Where  the  rocks  have  been  strained,  the  oli- 
vines may  be  highly  twinned  and  locally  crushed, 
and  the  p\Toxenes  may  show  deformation  by  bent 
alternating  lamellae  of  orthopyroxene  and  clinopyrox- 


82 


California  Division  of  iMinfs  and  Gkology 


[Bull.  183 


^,i^?^'5<^4j^ 


■k 


I'/ 


_i  6mm 


Photo  49  (above) 
dotite.  Large  light  or 
altered  to  ontigorlte 
photograph 


Slightly  serpentinized  peri- 
a  is  crystal  of  pyroxene  largely 
Light  gray  areas  near  top  of 
■pentinized  clinopyroxene.  Most 
veinlets    of    anti- 


of    the    rest    is    olivine    cut    by    r 

gorite    and    minor    chrysotlle.    Block    grains    are    chro- 

mite.   Cozodero    mass,  Skoggs   quadrangle    (62-106). 

ene.  The  olivine  in  dunite  in  the  Del  Puerto  area  is 
reported  to  average  Fo;,,iFai,,  by  Maddock  ( 1955),  and 
the  olivine  in  related  peridotite  he  determined  as 
Fosr.Fai.-,.  Bell  (1939)  reported  that  the  olivine  of  the 
peridotite  at  Burro  Mountain  ranged  from  FosoFais  to 
FovoFaos.  Pyroxene  in  the  peridotite  of  the  Del  Puerto 
area  averaged  EnyoFsis,  and  in  p\roxenite  ranged  from 
En7sFs22  to  EnsTFsis  (Maddock,  1955);  at  Burro  Moun- 
tain the  range  reported  by  Bell  (1939)  was  EnssFsjo 
to  Ensr.Fsi.-,.  The  ranges  in  chemical  composition  of 
chromite  from  the  ultramafic  rocks  have  been  deter- 
mined repeatedl\-  because  the  selling  price  of  chromite 
ore  is  determined  b\'  both  the  CroOx  content  of  the 
ore  and  the  Cr:Fe  ratio  of  the  chromite.  For  the 
southern  Coast  Ranges,  Walker  and  Griggs  (1953,  p. 
50)  list  the  Cr:Fe  ratio  of  2.8:1  for  lump  ore  and 
2.73:1—2.18:1  for  disseminated  ore.  For  the  northern 
Coast  Ranges,  Dow  and  Thavcr  ( \946)  give  ranges  of 
3.2:1-2.5:1. 

Thin  sections  of  unsheared  serpentinized  ultramafic 
rock  clearly  show  the  texture  of  the  parent  rock,  as 
olivine  yields  the  familiar  mesh-structure  serpentine 
and  pyro.xenes  generally  are  replaced  by  "bastite."  As 
the  pvroxene  is  more  resistant  to  scrpentinization  than 


is  the  olivine,  in  some  specimens  the  pyroxenes  remain 
fresh  \\hile  the  olivine  is  largely  converted  to  serpen- 
tine minerals.  The  change  from  olivine  to  serpentine 
releases  iron,  which  first  forms  a  magnetite  dust  along 
the  major  strands  of  the  mesh  structure,  and  then  in 
a  more  advanced  stage  is  collected  to  form  larger  mag- 
netite cr\stals  or  coatings  on  the  primar\-  chromite 
crystals. 

The  most  common  variety  of  serpentinite,  however, 
is  pervasively  sheared,  and  thin  sections  of  it  show 
only  sheared  lentils  of  randomly  arranged  serpentine 
minerals  that  reveal  nothing  about  the  texture  or  min- 
eral proportions  in  the  parent  rock.  Another  kind  of 
serpentinite,  which  also  in  section  sho\\s  nothing  about 
the  texture  of  its  parent  rock,  is  composed  of  inter- 
locking tablets  of  true  antigorite.  This  kind,  which  is 
harder  and  tougher  than  most  serpentinite,  is  really  a 
mctaserpcntine  formed  b\-  recr\'stallization  of  one  of 
the  kinds  of  serpentinite  described  above,  and  it  gen- 
erally occurs  in  areas  that  also  contain  other  kinds  of 
metamorphic  rocks. 

Gabbro,  diorite,  and  associated  coarse  diabase  have 
been  found  in  a  few  areas  in  the  Coast  Ranges,  but 

Photo  50  (below).  Incompletely  serpentinized  dun- 
ite showing  some  unaltered  cores  of  olivine  in  a 
meshwork  of  antigorite.  Black  areas  are  crystals  of 
chromite.  Shadowy  grey  oreas  contain  a  brownish  ser- 
pentine mineral  sometimes  referred  to  as  bowlingite. 
Cozodero   mass.   Skaggs  quadrangle   (62-111). 
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the  volunic  of  tliese  rocks  as  compared  to  either  ser- 
pcntinite  or  the  greenstone  is  very  small.  No  one  has 
made  a  special  study  of  these  rocks,  and  it  is  not  yet 
clear  whether  they  are  more  closel)-  related  to  the 
ultramafic  intrusive  rocks  or  the  dominantly  extrusive 
greenstones,  or  w  hcther  the%'  represent  an  intermediate 
magmatic  t\pc. 

Hornblende  quartz  gabbro  is  reported  to  occur  as 
a  sill  1,300  feet  thick  in  the  Ortigalita  Peak  quadrangle 
(Briggs,  1953a,  p.  17-18),  and  a  similar  rock  forms  a 
plug  nearly  a  mile  in  diameter  in  the  Tesla  quadrangle 
fHuey,  1948,  p.  20-21).  In  the  Mount  Hamilton  quad- 
rangle Crittenden  (1951,  p.  21-23)  noted  segregations 
of  hornblende  diorite  and  gabbro  in  serpentinite,  and 
a  small  intrusion  of  hornblende  gabbro  into  the  Fran- 
ciscan rocks.  Near  Harbin  Springs  in  the  Lower  Lake 
quadrangle  Brice  ( 1953,  p.  \6)  mapped  a  sill  of  diabase- 
gabbro  \\  ith  coarse-grained  pcgmatitic  phases  intruded 
between  serpentinite  and  Knoxville  shales,  and  4  miles 
to  the  south  Bailey  (1946,  p.  208)  delineated  a  horn- 
blende dioritc-gabbro  mass  intruded  between  serpen- 
tinite and  greenstone.  In  the  northwest  corner  of  the 
Hcaldshurg  quadrangle  a  differentiated  sill  2,000  feet 
thick  composed  of  pcridotitc,  gabbro,  and  diabase  has 
been  studied  h\  Cealey  (1951,  p.  15). 

\\  here  the  relations  between  these  rocks  and  Fran- 
ciscan sedimentar\  and  \()lcanic  rocks  are  clear,  the 
gabbro-diorite  masses  are  intrusive  into  the  Francis- 
can, but  their  absence  from  the  younger  rocks  of  the 
Coast  Ranges,  as  well  as  the  incipient  development 
of  blue  amphiboles  reported  in  several  of  them,  indi- 
cates the\-  arc  properly  regarded  as  a  part  of  the 
Franciscan  eugeosynclinal  assemblage.  Locall\'  the 
gabbro  and  pcgmatitic  gabbro  are  intimately  mixed 
w  ith  serpentinite  and  seem  more  to  be  calcic  differ- 
entiates of  the  ultramafic  magmas.  A  further  study 
of  these  unusual  rocks,  particularly  a  study  of  their 
chcmistr\-.  can  be  expected  to  establish  if  the\-  are 
gencticalh  related  to  the  greenstones,  and  it  ma\ 
indicate  whether  or  not  the  magma  that  formed  the 
greenstone  had  the  same  ultimate  source  as  the  ultra- 
mafic magma  or  arose  from  an  entirely  different  level 
in  the  earth's  crust. 

Chemical  features.  Chemical  analyses  of  unserpen- 
tinized  ultramafic  rocks  from  the  Coast  Ranges  are 
given  in  table  12,  and  anal\ses  of  serpentinized  varie- 
ties are  shown  in  table  13.  The  distribution  of  the 
sample  localities  is  shown  on  figure  17.  With  so  few 
analyses  of  these  unusually  variable  rocks,  it  is  not 
possible  to  discern  an\  significant  chemical  differences 
between  them  and  tvpical  ultramafic  rocks  of  the 
alpine-type  found  in  other  parts  of  the  world.  The 
close  correspondence  of  the  serpentinites  to  the  alpine- 
t>  pe  of  ultramafic  rock  is  also  indicated  by  the  Cr:Fe 
ratio  with  contained  chromitc  being  greater  than  2.0: 1 
(Thayer,  1960,  p.  255).  If  the  analyses  of  the  unaltered 
and  serpentinized  varieties  arc  compared,  the  onl\-  s\s- 
tcmatic  difference  between  them  is  simple  hydration. 


Origin.  Most  of  tiic  ultramatic  masses  arc  tabular, 
and  most  trend  northwesterly-  with  the  structural  grain 
of  the  Coast  Ranges  and  dip  steepls  in  the  direction  of 
the  prevailing  local  dip  of  the  enclosing  Franciscan 
rocks.  In  this  respect  they  are  sill-like,  even  though 
most  of  the  larger  masses  have  contacts  that  locall) 
transgress  beds.  Whether  or  not  they  arc  initially  in- 
truded as  flat-lying  sills  and  subsequently  folded  witli 
the  sediments,  or  were  intruded  after  the  sediments 
were  upended,  is  a  difficult  problem  to  solve,  but  it  is 
of  considerable  importance  insofar  as  the  geologic 
hi.story  of  the  Coast  Ranges  is  concerned.  What  as- 
sumptions are  made  is  critical  when  one  attempts  to 
draw  geologic  sections  acro.ss  parts  of  the  Coast  Ranges 
because  the  ultramafic  masses  can  be  used  as  "key 
beds"  in  reconstructing  folds  if  these  masses  were 
intruded  prior  to  the  folding,  as  is  often  assumed.  On 
the  other  hand,  if  they  were  intruded  along  planes  of 
weakness  between  upended  beds,  or  along  steep  faults 
that  strike  nearly  parallel  to  upturned  beds,  one  must 
make  an  entirely  different  structural  interpretation 
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Figure    17.      Locotion   of  analyzed   ultramof.c   rocks  listed    in   tabic    12, 
nd  serpentinites  listed  in  table  13. 
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Table  12.     Analyses  and  tnolectilar  nomis  of  ultrcrmafic  and  related  rocks. 


[Analyses  1,  3, 


6,  9,  and   10  by  rapid  rock  an: 
Analyses  by  P.  L.  D.  Elmore,  I. 


ilysis    method  de 
H.  Barlow,  S.  D 


cribcd  in  U.S.  Geol.  Survey  Bull.  1036-C. 
Botts,  and  Gillison  Chloe] 


SiOs 

TiOj 

AI2O3 

FejOa— . 

FeO 

MnO 

MgO 

CaO 

NajO..-- 

K2O 

H204---- 
H50-___ 

CO2 

PjOs 

CrjOa--- 
NiO 

Total 


43.1 
0.01 
0.56 
1.2 
6.5 
0.14 

45.1 
0.21 
0.03 
0.01 

3.2 

0.27 
0.04 


100.4 


42.75 

tr 

0.35 

1.72 

7.03 

0.10 

45.40 

0.037 

tr 

nil 

1.60 

0  09 

0.74 

0^28 
0.04 


100,14 


41.3 
0.08 
3.4 
5.9 
5.7 
0.19 

28.9 
6.4 
0.13 
0.01 


0.13 
0.05 


100  0 


43.6 
0.02 
1.2 
0.70 
7.7 
0.14 

45.0 
0.94 
0.10 
0.06 
0.88 
0.06 

0"04 


100.0 


0.69 
5.93 
0.09 
19.91 
16.22 
0,19 

tr 
0.24 
0.05 


0.54 
0.07 


49.4 
0.15 
2.1 
2,2 
4,2 
0,14 
21.6 
16.9 
0.16 
0.02 

3,2 

0.11 
0.04 


1.73 
4.04 
4.18 

27'40 
3.26 
0.59 
0.35 

2.04 


42.76 
0.17 
5.71 
3.16 
3.30 

27'il 
10.03 
2.24 
0.49 

4.85 


100.04 


44.0 
1.6 

16.1 
1.1 

8.6 
0.16 
7.3 
15.9 
0.97 
0.20 

3.9 

0.10 
0.20 


100.1 


45.7 
0  08 

17.5 
0.2 
3.3 
0.08 

11.4 

15.7 
0.80 
0,96 

4,4 

0,06 
0,02 


Molecular  norm-catanorm 


Q 

or 

plag 

C 

di 

hy 

ol 

mt 

hm 

il 

ap---- --- 

cc 

MgCOs--. 

Silica  deficiency.., 
Mg/Fe  in  silicates 


24.0 

73.8 

1.2 


0.4 
0.2 


21,0 

74.4 

1.6 


0.8 
10 


10.0 

18^0 

27.4 
37.5 
6.3 

OJ 

0^4 


8.5 

58'0 

30.6 

2.4 

0.7 


1.0 
6.0 

63^2 
13.0 
14.7 
2.4 

0'2 


3.Z 

2.0 
6.0 

ll"6 

71.2 


3.0 

23.5 


43.3 
3.3 


(-8.7) 
28.0 


1.0 

50.2 

32'6 
1.6 

10.8 
1.2 

2^4 
0.5 
0.2 


5.5 
49.5 


16.6 
0.3 


0.2 


-1.9) 
6.4 


1.  Peridotite  (58-363),  near  Layton  chrome  mine.  Fort  Ross  quadrangle,  Sonoma  County,  Calif. 

2.  Peridotite,  Red  Mountain,  Santa  Clara  County,  Calif.   (Bodenlos,    1950,  p.  233).  Analysis  by  Charles  Milton. 

3.  Peridotite  (59  347),  from  banded  intrusive,  in  canyon   10,200  ft  N.  56«  W.  of  Bummer  Peak,  Skaggs  Springs  quadrangle,  Sonoma  County,  Calif. 

4.  Peridotite  (62  34),  Red  Mountain,  Leggett  quadrangle,  Mendocino  County,  Calif.  Analysis  by  P.  L.  D.  Elmore,  S.  D.  Botts,  Gillison  Chloe,  Lowell 
Artis,  and  H.  Smith.  Powder  density,  3.26. 

5.  "Fresh  pyroxenite  with  some  olivine"  east  of  Bagley  Creek,  Mount  Diablo,  Contra  Costa  County,  Calif.   (Turner,   1891,  p.  406)  Analysis  by  W.  H. 
Melville. 

6.  Pyroxenite  (59-349),  same  locality  as  no.  3. 

7.  Enstatite  pyroxenite,  near  Coyote  Station,  Santa  Clara  County,  Calif.   (Kramm,   1910,  p.  334).  Analysis  by  H.  E.  Kramm. 

8.  "Pyroxenite-peridotite,"  Oakhill  area,  Santa  Clara  County,  Calif.   (Kramm,  1910,  p.  334).  Analysis  by  H.  E.  Kramm. 

9.  Gabbro    (59-410),    Quicksilver   Flat,    northwest    quarter    of    the   Tombs  Creek  quadrangle,   Sonoma   County,    Calif. 

10.  Gabbro  (59-348),  same  locality  as  no.  3. 


Evidence  regarding  the  time  of  the  intrusion  of  the 
siil-like  masses  relative  to  the  development  of  the  en- 
closing Structures  may  be  sought  in:  (1)  the  internal 
layering  due  to  crystal  settling,  (2)  the  symmetry  of 
a  metamorphic  aureole,  if  any,  (3)  the  shapes  of  the 
masses  relative  to  the  structures  in  the  enclosing  rocks, 
and  (4)  the  coincidence  of  the  ultramafic  masses  with 
known  faults. 

Parallelism  of  internal  layering  due  to  crystal  set- 
tling in  an  igneous  mass  with  the  attitude  of  enclosing 
beds  provides  good  evidence  for  the  intrusion  of 
magma  as  a  flat-lying  sill.  This  criterion  has,  however, 
not  been  found  to  be  of  any  value  in  interpreting  the 
relations  in  the  Coast  Ranges  because  such  layering 
has  generally  not  been  observed  in  the  serpentinizcd 
ultramafic  masses.  Perhaps  this  parallelism  could  be 


applied  to  the  relatively  few  masses  that  are  known  to 
contain  both  serpentinized  dunite  and  peridotite  if 
such  masses  were  studied  in  great  detail. 

Asymmetric  metamorphic  aureoles  around  a  tabular 
intrusive  mass  suggest  intrusion  in  a  horizontal  posi- 
tion with  consequent  greater  mctamorphism  along  the 
upper  surface,  whereas  s\mnietrical  aureoles  suggest 
intrusion  of  a  near-vertical  mass.  Unfortunately,  most 
of  the  Coast  Range  ultramafic  masses,  like  those  in 
other  parts  of  the  world,  show  no  contact  mctamor- 
phism along  their  margins.  .\n  unusual  metamorphic 
zone  containing  nephrite,  diopsidic-jadeite,  and  ido- 
crase  along  the  margins  of  serpcntinite  sills  on  Leech 
Lake  Mountain,  in  the  Covcio  quadrangle,  has  been 
described  by  Chesterman  ( 1960).  Apparently  the  con- 
tact effects  here  are  so  erratically  distributed  that  no 
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S 


SiOz 

Ti02 

AI2O3 

FejOs 

FeO _ 

MnO 

MgO 

CaO 

NaoO 

K«0_ 

H.0+._._ 

HjO-. 

CO2 

CrjOa 

NiO 

Total 

or 

plag 

C 

di 

hv_ 

of 

mt 

hm 

MgCOs 

Mg/Fe  in  silicates 


37.62 


40.50 


1.20 

0.78 

8.60 

4.01 

2.15 

2.04 

0.13 

37.59 

37.43 

2.49 

0.39 

0.27 

0.28 

tr 

0.16 

10.46/ 

10.94 

2.81 

0.36 

0.41 

0.11 

2.72J 
2.88 


41.47 

0.04 

1.35 

2.62 

5.57 

0.24 

36.03 

nil 

nil 

nil 

12.05 

0.76 


36.57 

0.95 
7.29 
0.37 
0.10 

40.27 

0.14 

0.31 

tr 

12.43 
0.94 

0.33 
0.31 


39.60 
1.94 

}  '•«{ 

36.90 


1.12 
13.19 
1.05 

30.49 
0.46 
0.28 
0.25 

13.26 


37.36 

0.01 

1.42 

3.69 

3.65 

0.09 

38.54 

nil 

nil 

nil 

13.50 

0.88 
0.25 
0.1 


39.64 

1.30 

7.76 
0.12 
37.13 


0.29 
0.33 


41.86 

0.69 

4.15 
0.20 

38.63 


0.24 


35.98 

0.05 

3.19 

6.36 

1.72 

0.09 

37.60 

nil 

nil 

nil 

14.16- 

0.84 
0.29 
0.2 


100.00 


100.38 


36.43 

0.04 

3.04 

3.68 

3.72 

0  09 

36.99 

nil 

nil 

nil 

15.00 

0.54 
0.38 
0.2 


Molecular  norm-catanorm 


4.5 

8.6' 
15.2 
64.5 
5.1 
2.7 


0.8 
3.0 

1.2' 
37.8 
52.5 

4.5 


49.4 

46.2 

2.8 


48.4 

47.4 

2.7 


16.4 
74.1 
0.9 


33.0 
64.8 


1.5 

3.8 

o.s' 

57.2 
25.8 
2.7 
8.2 


1.6 

33.4" 
58.8 
4.0 

2.4" 
318 


37.6 
60.9 


44.0 
55.2 


3.7 

33.2' 

54.9 

4.2 

1.9 

2.2 


3.5 

32.6' 

58.5 
4.0 

1,4' 
29.7 


1.  Lherzolite  serpentine.  Sulphur  C 

2.  Serpentine,  Bagley  Creek,  Moun 
i.    Serpentine,    Angel    Island.    San 


reek,  Colusa  County,  Calif.  (Kramm,  1910,  p.  320).  Analysis  by  H.  E.  Ki 
Diablo  area.  Contra  Costa  County,  Calif.  (Turner,  1891,  p.  406).  Analys 
=rancisco,    Calif.    (Ransome,     1894,    p.    2.^1).    Analyses   by    F.    L 


red  serpent! 
ysis  by  W.  H.  Herdsn 
5.   Bastitic  serpentii 


sidio. 


6.  Serpentine   from   Pi 

7.  Serpentine,  near  Missouri  m( 

8.  Sheared   serpentine.   New   All 

9.  Serpentinized  peridotite,  neai 

10.  Serpentine  near  Borax  Lake 

11.  Unsheared   bastitic   serpentii 

12.  Unsheared  bastitic  serpentii 
by  J.  J.  Fahey. 


25,  T.    18  S.,  R.   12  E., 
Bagley  Creek,  Mount  Diablo 


Francisco,  Calif.    (Kri 


by  W.  H.  MelviUe. 
Ij.    Analyses   by    F.    L.    Ransome. 
New  Idria  quadrangle,  San  Benito  County,  Calif.   (Coleman,    1957,  p.    136). 

406).  Analysis  by  W.  H.  MelvUle. 


1,  Contra  Costa  County,  Calif.  (Turner,   1891, 
mm,    1910,  p.   330).  Analysis  by  J.  D.  Easter. 
auty,  Calif.   (Kramm,   1910).  Analysis  by  H.  E.  Kramm. 
laden  mine,  Santa  Clara  County,  Calif.  Analysis  by  F.  A.  Gonyer,  with  A1.,0„  Fe,0.„  FeO  determined  by  J.  J.  Fahey. 
Borax  Lake,  Lake  County,  Calif.   (Becker,  1888,  p.   111).  Analyst  not  given. 
Lake  County,  Calif.   (Becker,    1888,  p.    111).  Analyst  not  given, 
e.  New  Almaden  mine,  Santa   Clara  County,  Calif.  Analysis  by  F.  A.  Gonyer. 
e,  New  Almaden  mine,  Santa  Clara  County,  Calif.  Analysis  by  F.  A.  Gonyer,  with  ALO3,  FeO,  and  Cifi,  determined 


reliable  comparison  between  their  development  on  up- 
per and  lower  surfaces  of  the  sills  can  be  made.  Glau- 
cophane  schists  occurring  along  the  margins  of  sills 
also  have  been  cited  as  examples  of  contact  aureoles 
by  several  geologists.  Taliaferro  (194-^a,  p.  16.^-16.5) 
described  a  sill  on  the  Tiburon  peninsula  (San  Fran- 
cisco quadrangle)  having  extensive  development  of 
glaucophane  schist  above  its  upper  surface  and  little 
below  it,  and  he  also  mentions  other  localities  where 
similar  relations  were  observed.  In  the  Schastopol 
quadrangle,  Travis  (1952)  has  mapped  a  serpentine  sill 
in  a  plunging  syncline  with  glaucf)phane  schist  in  the 
upper  or  central  part  and  extensive  development  of 
schist  below.  Crittenden  (1951)  mapped  a  sill  north  of 
Mount  Hamilton  having  glaucophane  schist  along  both 
margins,  but  with  the  greatest  amount  above  the  pre- 
sumed upper  surface.  As  is  discussed  in  the  following 
section  that  deals  with  schists,  there  is  considerable 
doubt  that  these  glaucophane  schists  formed  by  con- 
tact metamorphism,  and  in  all  these  localities  the  schists 


ma\-  be  equally  well  explained  as  tectonic  masses  in- 
cluded within  or  dragged  up  along  the  margins  of  in- 
trusive serpentine  masses.  Thus,  while  the  glaucophane 
schists  may  provide  some  supporting  evidence  for  a 
few  ultramafic  masses  having  intruded  as  flat  sheets, 
generally  no  metamorphic  effects  are  observed,  and 
even  where  there  seems  to  be  contact  metamorphism, 
other  interpretations  are  possible  and  gcncrall\'  pref- 
erable. 

The  attitudes  and  shapes  of  the  sill-like  masses  rela- 
tive to  the  structures  of  the  enclosing  rocks  provide 
somewhat  better  data.  Where  the  Franciscan  rocks 
are  very  .steeply  inclined,  it  is  generally  impossible  to 
trace  folds  in  them,  and  conscquentl\-  one  cannot  tell 
if  associated  steeply  inclined  ultramafic  masses  were 
intruded  before  or  after  folding.  Ho\\evcr,  in  some 
mapped  areas  the  Franciscan  strata  are  gcnth-  folded 
and  enclose  equally  gently  folded  sills,  doubtless  in- 
truded when  the  beds  were  nearly  horizontal.  Tiic  sill 
in  the  Camp  Meeker  syncline  in  the  Sebastopol  area 
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is  a  good  example  of  this  kind  of  occurrence,  and  a 
similar  sill  occurs  on  the  prominence  2  miles  east  of 
Mine  Hill  in  the  New  Almaden  quadrangle. 

Where  the  Franciscan  beds  are  steeph-  inclined,  de- 
tailed mapping  may  reveal  that  the  peneconcordant 
ultramafic  masses  have  an  outcrop  pattern  that  differs 
systematically  from  the  structural  pattern  in  the  host 
rocks.  For  example,  in  the  western  Mayacmas  district 
(Bailey,  1946)  the  prevailing  strike  of  the  folds  as 
reflected  by  the  outcrop  pattern  is  N.  55°  W.,  and 
superimposed  on  this  and  trending  N.  25°  W.  is  a 
structural  grain  that  is  due  to  faults.  The  elongation 
of  the  smaller  ultramafic  masses  and  the  directions  of 
the  margins  of  the  larger  masses  follow  both  of  these 
trends,  and  the  ultramafic  masses  are  equally  wide 
along  each.  These  relations  indicate  the  Franciscan 
rocks  were  folded,  and  subsequenth'  intruded  bv  ser- 
pentinite  along  the  rhomboid  pattern  formed  by  the 
intersection  of  the  N.  55°  W.  bedding  planes  and  the 
N.  25°  W.  fault  planes.  Yates  (1946)  in  describing  the 
adjacent  eastern  Mayacmas  district  concluded  the  ser- 
pentinite  was  intruded  after  the  major  folding  because 
the  ultramafic  masses,  even  though  nearly  parallel  to 
the  beds  in  strike,  consistently  dipped  more  steeply.  In 
other  parts  of  the  Coast  Ranges  the  serpentinite  masses 
though  locally  concordant  are  straitjhter  in  trend  and 
steeper  in  dip  than  the  bedding  of  the  enclosing  rocks, 
thus  indicating  that  the  serpentinite  masses  were  in- 
truded along  faults  that  cut  previously  folded  beds. 
Locally  these  faults  are  parallel  to  steep  bedding  planes, 
but  the  faults  depart  from  the  bedding  wherever  the 
beds  either  dip  less  steepl\-  or  trend  more  ^\•est-north- 
westerly  than  the  main  trend  of  the  faults. 

The  problem  of  establishing  whether  the  ultramafic 
masses  are  folded  sills  or  intruded  along  faults  becomes 
much  simpler  where  non-Franciscan  rocks  form  one 
side  of  the  fault,  chiefly  because  the  boundary  provides 
clear  evidence  of  the  existence  and  exact  path  of  the 
fault.  In  several  places  in  the  Coast  Ranges  major  fault 
zones  contain  steep  tabular  masses  of  ultramafic  rock. 
The  great  serpentinite  mass  separating  the  Franciscan 
rocks  of  the  northern  Coast  Ranges  from  rocks  of  the 
Sacramento  Valley  has  been  mentioned.  Similar  though 
less  extensive  masses  are  found  along  the  Tesla-Orti- 
galita  fault  that  separates  the  Franciscan  of  the  Diablo 
Range  from  the  rocks  of  the  San  Joaquin  \'alley. 
Other  masses  of  considerable  size  are  found  along  the 
southern  part  of  the  Hayward  fault  and  the  San  An- 
dreas fault  on  the  San  Francisco  peninsula.  Such  masses 
may  be  either  intruded  along  the  fault  plane  at  some 
time  later  than  the  youngest  rocks  bordering  the  fault, 
or  they  ma\-  be  segments  of  masses  present  in  the 
Franciscan  prior  to  the  movement  of  the  fault  that 
brought  unlike  rocks  into  juxtaposition  and  thus  arc 
older  than  the  adjacent  non-Franciscan  rocks.  Except 
for  the  ultramafic  masses  along  the  west  edge  of  tiic 
Great  Valley,  the  serpentinite  along  faults  bordered 
only  on  one  side  by  Franciscan  rocks  is  readilv  ex- 


plained by  the  latter  mechanism.  The  lack  of  .serpen- 
tinite along  most  post-Franciscan  faults  strengthens 
this  conclusion,  and  seems  some\\hat  surprising  con- 
sidering the  ease  with  ^\•hich  preexisting  serpentinite 
masses  can  be  remobilized  tectonically. 

We  must  conclude,  therefore,  that  some  of  the  ultra- 
mafic "sills"  were  intruded  while  the  Franciscan  was 
little  folded;  probably  most  were  intruded  along  faults 
following  the  first  major  folding  of  the  Franciscan 
rocks,  and  a  few  were  intruded,  or  remobilized,  along  , 
post-Late  Cretaceous  or  \ounger  faults.  It  is  unsafe  ' 
either  to  assume  that  an  ultramafic  mass  was  intruded 
while  the  Franciscan  beds  were  horizontal,  and  thus 
use  it  as  a  key  bed  in  reconstructing  structure,  or  to 
assume  it  has  been  intruded  along  a  postfolding  fault. 
However,  careful  mapping  will  in  many  cases  supply 
sufficient  data  to  allow  one  to  interpret  the  relations 
of  the  intrusion  to  the  structure. 

The  physical  condition  of  the  ultramafic  masses  at 
the  time  of  their  intrusion  is  as  difficult  to  determine  • 
w  ith  certainty  as  is  the  time  of  their  emplacement. 
Reasonable  speculations  regarding  their  condition 
might  include  ultramafic  magma,  h>drous  magma 
\ielding  serpentinite  by  a  kind  of  deuteric  alteration, 
crystal  mush,  or  serpentinite  intruded  plastically  as  a 
so-called  "cold  intrusion."  To  treat  this  problem  fully 
is  beyond  the  scope  of  this  report,  and  for  a  more 
extensive  account  of  the  worldwide  problem  presented 
b\^  ultramafic  rocks,  whether  serpentinized  or  not,  the  ; 
reader  is  referred  to  a  brief,  but  highly  lucid,  discus-  | 
sion  by  Turner  and  Verhoogen  (1960,  p.  31.^-.321.)» 
The  striking  lack  of  thermal  metamorphism  along  the 
borders  of  the  masses  seems  to  call  for  the  rejection 
of  direct  intrusion  of  ultramafic  magma,  \\  hich  would 
be  completely  molten  only  at  the  very  high  tempera- 
ture of  1,600'C  or  above.  A  hydrous  magma,  accord- 
ing to  the  experimental  studies  of  Bowen  and  Tuttle 
(1949),  \\ould,  \\hen  cooled  to  a  temperature  of  about 
1,000°C,  consist  of  olivine  crystals  with  water  in  the 
pore  spaces,  but  at  this  temperature  the  A\ater  is  so 
tenuous  that  the  quantity  held  in  the  pore  spaces  could 
on  cooling  react  to  form  only  a  minute  amount  of 
serpentine.  The  pluglike  Cazadero  and  Burro  .Moun- 
tain masses  contain  much  nearly  fresh  dunite,  though 
their  borders  are  highly  serpentinized,  and  it  is  possible 
that  each  of  these  masses  was  intruded  as  a  crystal 
mush,  perhaps  w  ith  the  aid  of  a  little  hydrous  magma 
serving  as  a  lubricant.  The  development  in  the  olivine 
of  strain  shadows  and  twinning,  as  \\  cU  as  nnlonitized 
zones,  clearh"  seen  in  thin  sections,  is  indicative  of  this 
type  of  intrusion.  How  ever,  the  marked  lack  of  any 
metamorphism  along  the  margins,  as  well  as  the 
sheared  and  serpentinized  character  of  the  periphery 
of  the  plugs,  suggests  that  these  masses  were  emplaced 
as  a  cr\stal  mush  at  a  greater  depth  and  have  been 
intruded  into  their  present  position  diapiricalK'. 

The    t\'pical    tabular   ultramafic   masses   are    much 
more  completely  serpentinized,  and  as  it  seems  to  be 
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impossible  for  them  to  have  been  intruded  as  melts, 
as  h\-drous  "serpentine  magmas,"  or  as  crystal  mushes, 
\\c  arc  forced  to  conclude  that  they  have  been  in- 
truded plastically  as  socalled  "cold  intrusions."  Con- 
siderable evidence  can  be  offered  in  support  of  this 
conclusion:  (1)  lack  of  metamorphic  aureoles,  (2)  the 
sheared  nature  of  the  masses,  (3)  the  prevalence  of 
shearing  in  the  Franciscan  rocks  along  their  contacts, 
(4)  the  completeness  of  serpentinization,  and  (5) 
^\•hcre  serpentinization  is  not  quite  complete,  the  lack 
of  localization  of  the  more  serpentinized  parts  along 
zones  that  seem  most  favorable  for  the  migration  or 
collection  of  \\ater. 

The  strongest  objection  to  the  "cold  intrusion" 
mechanism  is  perhaps  based  on  the  fluidity  required 
for  the  serpentine  to  be  iniected.  In  some  areas  where 
contacts  are  well  exposed,  as  for  example  in  the  New 
Almaden  quicksilver  mine,  it  is  possible  to  see  small 
apoph\ses  diverging  from  a  main  serpentinite  contact 
and  penetrating  the  Franciscan  sedimentar\'  rocks  in 
a  m;mner  that  is  entirel\-  similar  to  the  small  apophyses 
one  finds  along  the  margins  of  normal  magmatic  masses 
in  other  areas.  These  sill-like  or  dikelike  apophyses 
where  small  are  invariablv  composed  of  highly  sheared 
serpentinite,  and  they  do  not  contain  the  blocks  of 
unshcared  material  that  are  t\-pical  of  the  more  central 
parts  of  the  serpentinite  masses.  Such  apophyses  clearly 
indicate  that  the  plasticit\-  of  the  sheared  serpentinite, 
under  the  temperatures  and  pressures  existing  during 
its  injection,  must  have  closelv  approached  the  fluidity 
of  a  magma,  but  these  apophyses  do  not  require  the 
material  to  have  been  a  melt.  As  is  well  known  to  con- 
struction and  mining  engineers,  serpentinite  even 
under  surface  conditions  may  possess  a  high  degree  of 
plasticity,  resulting  in  landslides  that  flow  on  areas  of 
low  slope,  or  in  serpentinite  pushing  into  mine  work- 
ings in  spite  of  heavy  timbering.  For  example.  Louder- 
back  (1942,  p.  .309)  states,  "In  the  San  Pablo  Tunnel 
*  *  *,  the  serpentine  is  so  sheared  that  it  flowed  under 
its  own  weight  into  the  tunnel  like  a  viscous  liquid  and 
presented  a  serious  problem  of  control."  Because  of 
this  low  strength  and  high  plasticity,  it  is  likely  that 
some  of  the  extensive  landslides  around  a  few  of  the 
larger  Coast  Range  serpentinite  masses  result  from  a 
still-continuing  upward  flowage  of  the  masses  (Bailey, 
1942,  p.  151)." 

Alteration  of  serpentinized  ultraiiiafic  rocks.  The 
serpentinized  masses  in  the  Franciscan  terrane  of  the 
Coast  Ranges  have  since  their  emplacement  been 
locallv  altered  to  form  other  kinds  of  rocks,  some  of 
w  hich  are  of  economic  importance.  The  two  varieties 
of  chief  interest  are  silica-carbonate  rock,  which  is  the 
host  rock  for  many  quicksilver  deposits,  and  magne- 
site  rock,  \\'hich  is  used  as  a  source  of  magnesium  and 
magnesia. 

Silica-carbonate  Rock 

Silica-carbonate  rock,  or  quicksilver  rock  as  it  is 
.sometimes  termed  by  miners,  is  a  dense  rock  formed 


by  the  h\'drothermaI  alteration  of  serpentine.  It  is 
widespread  in  the  Coast  Ranges  with  known  occur- 
rences extending  from  near  Santa  Barbara  to  at  least 
as  far  north  as  Lake  Pillsbury.  Wherever  it  is  possible 
to  date  the  time  of  formation  of  the  silica-carbonate 
rock,  it  is  late  Aliocene  or  \'ounger,  so  its  formation 
is  apparently  in  no  way  related  to  the  original  process 
of  .serpentinization.  Its  general  areal  distribution  sug- 
gests it  may  be  related  to  mid-Tertiary  and  younger 
vulcani.sm,  but  some  silica-carbonate  rock  is  many 
miles  from  known  outcrops  of  volcanic  rock.  As  most 
of  the  occurrences  are  in  quicksilver  districts,  its  for- 
mation seems  to  be  an  earlv  stage  of  the  hydrothermal 
activity  that  in  later  stages  deposits  cinnabar. 

Silica-carbonate  rock,  as  is  indicated  by  its  name, 
consists  of  one  or  more  silica  minerals— chalcedony, 
opal,  or  quartz— and  a  carbonate,  which  is  normally  a 
ferroan  magnesite.  In  manv  areas  the  quantity  of  silica 
and  magnesia  in  a  unit  volume  of  silica-carbonate  rock 
is  the  same  as  in  a  unit  of  serpentinite,  and  the  miner- 
aloijic  change  is  clearlv  one  that  results  from  the  direct 
substitution  of  COj  for  the  water  in  the  serpentinite. 
In  some  areas,  notably  in  the  Sulphur  Creek  and  Knox- 
ville  mercury  districts  east  of  Clear  Lake,  a  more  dras- 
tic change  has  taken  place  resulting  in  a  variety  of 
silica-carbonate  rock  that  is  almost  all  silica,  either 
opal  or  chalcedony.  Ross  (1940,  p.  333)  believes  such 
rocks  formerly  contained  carbonates,  which  have  been 
replaced  by  additional  silica,  and  he  refers  to  such 
masses  as  "twice-silicified  reefs."  Locally  the  opposite 
relations  prevail,  and  the  silica-carbonate  rocks  are 
largely  carbonate,  presumably  magnesite.  The  only 
other  common  mineral  in  these  rocks  is  chromite  or 
picotite,  which  is  unaffected  by  the  changes  the  rock 
has  undergone.  These  shiny  black  crystals  can  be 
readily  seen  with  a  hand  lens,  and  their  presence  often 
is  of  great  help  in  distinguishing  weathered  silica-car- 
bonate rock  from  similar-appearing  weathered  green- 
stones. 

Where  silica-carbonate  rocks  are  developed  in  abun- 
dance they  generally  form  a  prominent  part  of  the 
landscape,  because  they  tend  to  resist  erosion  and  form 
conspicuous  iron-stained  "reefs"  or  trains  of  rubble. 
The  rock  itself  may  be  very  hard  and  dense,  or  it  ma> 
have  lost  most  of  its  carbonate  by  weathering  and  be 
reduced  to  a  porous  net\\ork  of  silica  veinlets  stained 
with  residual  iron  oxides. 

The  silica-carbonate  rock  evcr\\\  here  is  a  replace- 
ment of  serpentinite,  and  is  most  frequentl\'  found 
in  the  places  where  h\drothcrmal  solutions  are  most 
likely  to  have  had  access  to  the  rock,  namely  along 
its  margins  or  along  throughgoing  shear  zones.  Nearly 
all  silica-carbonate  rock  has  formed  from  serpentinite 
that  is  highly  sheared,  and  it  possesses  a  sheared  or 
microaugen  texture,  though  the  rocks  show  little 
tendency  to  break  along  this  relict  grain.  Rarely 
silica-carbonate  rock  forms  from  serpentinized  but 
unsheared  peridotite,  in  which  case  the  replaced  py- 
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Photo    51.      Resistant    masses    of    silica-carbonate    rock    exposed    ot    the    Picocho    mercur 
in   the    New    Idria    serpentinite    moss.    New    Idrio    quadrangle. 


roxenes  can  be  readily  recognized  even  tiiough  they 
have  been  through  two  dissimilar  stages  of  replace- 
ment. 

As  the  rock  apparent!)'  owes  its  origin  to  the  hydro- 
thermal  activity  that  formed  quicksilver  ores,  it  is  a 
useful  guide  in  prospecting  for  this  metal,  but  not  all 
silica-carbonate  rocks  contain  cinnabar  nor  are  all 
quicksilver  deposits  in  the  Coast  Ranges  found  in  silica- 
carbonate  rocks. 

Magnesite  Rock 

Another  kind  of  alteration  of  serpentinite  yielded 
magnesite  rock  that  has  been  mined  for  use  in  steel- 
making,  in  refractories,  and  as  a  source  of  magnesium 
and  magnesia.  The  largest  and  most  productive  de- 
posits are  near  the  west  end  of  the  Del  Puerto  ultra- 
mafic  mass  in  the  Red  Mountain  magnesite  district, 
but  about  a  dozen  other  deposits  in  the  Coast  Ranges 
have  either  been  prospected  or  produced  in  a  small 
way.  The  production  recovered  between  1905  and 
1945  from  the  Red  Mountain  district  has  been  nearl\ 
1,000,000  tons. 


The  magnesite  ore  occurs  as  either  replacements  of 
serpentine  along  shear  zones  or  as  massive  or  re- 
cemented  breccia  veins.  Although  the  commercial 
deposits  are  all  in  serpentinized  rock,  it  is  perhaps 
significant  that  the  Red  Mountain  deposits  and  the 
extensive  Red  Slide  deposits  in  Sonoma  Count)-  are 
in  unusuall)-  large,  possibly  diapiric,  masses  that  con- 
tain unscrpentinized  dunite. 

The  origin  of  the  magnesite  deposits  is  controversial, 
but  probably  the  conclusions  reached  by  Bodenlos 
(1950),  who  made  a  careful  study  of  the  Red  Moun- 
tain area,  apply  to  all  of  them.  He  described  the  ore 
as  consisting  of  very  fine  grained,  nearly  pure,  mag- 
nesite which  replaced  serpentinite  along  shear  zones 
in  less  serpentinized  dunite  and  filled  fractures  in  the 
same  zones.  The  main  period  of  formation  of  magne- 
site was  followed  by  minor  deposition  of  chalccdon)-. 
opal,  dewe)'lite,  and  perhaps  sepiolite.  Cencrally  the 
ores  contain  a  few  percent  of  CaCO:t  in  the  form  of 
dolomite;  )ounger  calcite  veins  cut  the  ore,  and  ar- 
agonitc   is  deposited   from   the   magnesia-rich   waters 
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flo\\ing  from  some  of  the  workings.  The  solutions 
responsible  for  the  formation  of  the  magnesite  arc 
believed  by  Bodenlos  to  be  carbonate-rich  hypogene 
fluids.  They  picked  up  magnesium  at  some  unknown 
depth  and  deposited  it  as  the\'  neared  the  surface  and 
lost  some  of  their  carbon  dioxide.  These  solutions  are 
later  than  those  responsible  for  the  serpentinization, 
though  they  may  have  serpentinized  the  vein  walls 
to  a  minor  degree. 

The  magnesite  deposits  cannot  be  closely  dated,  but 
it  has  been  suggested  that  they  are  mid-Tertiary  or 
younger  in  age.  The  solutions  that  formed  the  mag- 
nesite ores  are  therefore  both  in  time  and  composition 
much  like  those  that  formed  silica-carbonate  rock,  and 
it  is  possible  that  the  formation  of  the  magnesite  is  a 
near-surface  expression  of  the  alteration  that  at  depth 
forms  silica-carbonate  rock. 

METAMORPHIC  ROCKS 

The  assemblage  of  Franciscan  rocks,  though  dom- 
inantly  unmetamorphoscd,  includes  graywacke,  shale, 
greenstone,  and  chert  that  are  now  reconstituted  by 
isochemical  metamorphism,  and  rarer  metamorphic 
rocks  formed  by  metasomatism.  The  general  distri- 
bution of  the  more  common  varieties  is  shown  on 
figure  18.  The  best  known  are  the  striking  blue  glau- 


cophane  schists,  first  noted  by  Alichel-Levy  in  1878 
when  examining  mercury  ore  specimens  shipped  from 
California  to  Paris  for  an  exposition.  These  blueschists, 
and  related  rocks,  have  been  extensively  studied  be- 
cause of  their  rarity  and  unusual  mineralogy,  and  they 
are  the  subject  of  perhaps  as  many  articles  as  have  been 
written  about  all  the  rest  of  the  assemblage,  even 
though  they  comprise  but  a  small  part  of  it.  Two  now 
widely  recognized  minerals  were  first  discovered  in 
Franciscan  schists— crossite  in  1894  (Palache,  1894b), 
and  lawsonitc  in  1895  (Ransome,  1895).  In  addition, 
the  first  occurrence  of  aragonitc  as  a  metamorphic 
mineral  was  found  in  Franciscan  blueschists  by  Cole- 
man and  Lee  ( 1962). 

The  metamorphic  rocks  formed  chiefly  through 
isochemical  recrystallization  will  be  grouped  in  this 
report,  according  to  the  pressure-temperature  environ- 
ments in  which  they  are  believed  to  have  formed,  into 
the  follo\\ing  facies:  (1)  zeolite,  (2)  blueschists,  and 
(3)  eclogite.  Rocks  assigned  to  the  zeolite  facies  show 
metamorphism  chiefly  by  the  presence  of  laumontite. 
Blucschist  facies  rocks  include  those  with  lawsonite, 
jadeite,  and  most  glaucophanc-bearing  rocks.  The  ec- 
logite facies  includes  rocks  generally-  referred  to  as 
eclogite  because  they  contain  omphacitic  p\roxene 
and  garnet  that  is  partly  pyropc,  but  it  also  includes 
glaucophane-eclogites,  glaucophane-epidote  rocks,  and 


Photo  52  (below).  Veins  of  laumontite  in  gr. 
facies.  On  the  Wheotfleld  Fork  of  the  Gualolo 
quadrangle. 


assigned    to    the    zeolite    metamorphii 
the    northwest    corner    of    the    Skogg; 
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Figure   18.     Map   showing    distribution    of    metamorphic    rocl^s    in    the    Franciscan. 
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orher  rocks  with  the  same  unusual  occurrence  as  the 
eclogite.  All  of  these  formed  under  higher  pressure- 
temperature  conditions  than  the  normal  blueschists. 
Although  the  eclogites  differ  somewhat  from  true 
eclogites,  these  rocks  are  included  under  this  facies 
designation  chiefly  for  the  purpose  of  separating  them 
from  the  normal  blueschists. 

The  metamorphic  rocks  involving  metasomatism 
include  the  tourmalinized  graywackes  of  Mount  Tam- 
alpais,  Marin  County  (Rice,  1960),  the  rodingite  inclu- 
sions in  serpentine,  and  the  more  widespread  silica- 
carbonate  rocks  formed  in  Tertiary  or  Quaternary 
time  by  the  hydrothermal  alteration  of  serpentine. 
As  these  have  been  discussed  previously,  they  are  not 
mentioned  further  in  this  section. 

Zeolite  fades  rocks.  Laumontite,  a  calcium-aluminum 
zeolite,  is  widely  present  in  the  Franciscan  rocks  in 
the  western  part  of  the  northern  Coast  Ranges.  In  this 
area  it  is  most  noticeable  as  a  white  sugar\-  mineral 
filling  shatter  veins  in  apparently  unmetamorphosed 
gra\'wacke  and  greenstone,  but  it  also  occurs  in  both 
rocks  as  a  replacement  of  plagioclase  and  as  irregular 
patches  in  the  groundmass  of  the  graywacke.  Laumon- 
tite from  veins  has  been  determined  by  X-ray,  but  the 
determinations  of  laumontite  replacing  feldspar  are 
based  on  the  study  of  thin  sections.  As  Taliaferro 
(1943a,  p.  145)  refers  to  "natrolite  and  other  zeolites" 
as  vesicle  fillings  in  Franciscan  greenstone,  pierhaps  a 
more  s\stematic  study  of  the  Franciscan,  and  especially 
of  the  fine-grained  material  formed  by  incipient  meta- 
morphism,  will  reveal  heulandite  or  other  zeolites. 
Certainly  theoretical  considerations  indicate  zeolitic 
alteration  of  the  Franciscan  ought  to  be  luorc  wide- 
spread than  is  now  recognized. 

Adularia,  though  not  a  zeolite,  is  included  here  be- 
cause of  its  occurrence  in  the  same  metamorphic 
environment  as  zeolites.  During  the  examination  of 
graywacke  specimens  which  had  been  stained  to 
determine  their  content  of  K-feldspar,  adularia  was 
recognized  as  a  vein  mineral  in  the  Franciscan.  Its 
identification  as  a  monoclinic  adularia  was  verified 
b\-  X-ra\-  technique  b>'  R.  C.  Frd.  We  have  no  data 
on  whether  or  not  its  distribution  is  coextensive  w  ith 
laumontite,  but  it  appears  to  be  widespread. 

Bbieschist  facies  rocks.  The  term  "blueschist"  is 
used  in  this  report  to  include  the  metamorphic  rocks 
of  the  blueschist  facies,  which  is  nearh"  synon\nious 
with  the  glaucophane  schist  facies  of  Fyfe,  Turner, 
and  Verhoogen  (1958,  p.  12,  173-174).  This  suggested 
designation  is  a  term  comparable  to  the  more  familiar 
term  "greenschist,"  and  it  avoids  the  implication  that 
glaucophane  is  the  onlv  characteristic  blue  amphibole. 
The  critical  mineral  for  the  blueschist  facies  is  law- 
sonite,  but  the  P-T  field  of  impure  jadeite  is  apparently 
similar  enough  so  that  jadeite  can,  for  all  practical 
purposes,  also  serve  as  a  critical  mineral.  Glaucophane, 
or  other  soda  amphibole,  is  present  in  man\-  blueschists, 
though  it  is  neither  entircK-  restricted  to  the  blueschist 
facies  nor  required  for  the  rocks  to  be  assigned  to  this 


facies.  Stilpnomelane  and  pumpellyite  are  common,  but 
these  minerals  also  occur  in  grecnschists.  Either  arago- 
nite  or  calcite  may  be  stable  with  lawsonite  in  the 
blueschist  facies.  A  garnet,  which  is  often  manganifcr- 
ous,  and  sphenc  are  also  present  in  some  of  these  rocks. 
The  blueschists  are  the  best  known  metamorphic 
rocks  in  the  Franciscan  and  are  found  throughout  its 
extent.  They  fall  into  two  natural  subdivisions,  because 
under  var\ing  conditions  the  soda  in  the  rock  ma\-  go 
to  form  the  sodic  pyroxene,  jadeite,  or  may  form  a 
sodic  amphibole,  generally  glaucophane.  These  two 
sodic  minerals  are  not  mutually  exclusive,  but  where 
they  do  occur  together  generally  one  is  much  more 
abundant  than  the  other.  We  will  first  discuss  jade- 
itized  metagraywacke  and  follow  with  a  discussion 
of  glaucophane  schists. 

Jadeitized  Metagraywacke 

The  pure  sodium  aluminum  pyroxene,  jadeite 
(NaAlSi^O,;),  according  to  experimental  data  (Yoder, 
1950)  can  form  in  metamorphic  rocks  onl\-  under  a 
combination  of  sucli  extremely  high  pressure  and  mod- 
erate temperature  that  one  would  not  expect  it  to  be 
a  common  mineral.  However,  among  the  metamor- 
phic rocks  of  the  California  Coast  Ranges,  pyroxenes 
containing  large  but  variable  amounts  of  the  jadeite 
molecule  are  abundant  in  several  different  environ- 
ments, and  in  some  the  pyroxene  is  generally  referred 
to  as  jadeite  even  though  such  p\roxene  contains  only 
70  percent  of  the  pure  molecule.  The  first  discovery 
of  jadeite  in  the  Franciscan  rocks  was  made  by 
Mielenz  (1936)  who  found  jadeite  of  unspecified  com- 
position in  a  quartz-albite-jadeite-muscovite-glauco- 
phane-lawsonite  rock,  believed  by  Taliaferro  (1943a, 
p.  178-179)  to  be  a  metamorphosed  Franciscan  chert. 
Later  massive  jadeite  of  lapidar\'  quality  was  found  in 
several  places  in  the  Coast  Ranges  as  inclusions  in  ser- 
pentine (Yoder  and  Chesterman,  1951),  and  some  from 
inclusions  in  the  New  Idria  serpentine  mass  was  studied 
bv  Coleman  (1961),  who  pointed  out  that  this  jadeite 
contains  significant  amounts  of  acmite  and  therefore 
could  form  at  lower  pressures  than  were  experiment- 
ally determined  for  pure  end-member  jadeite.  More 
widespread,  and  of  greater  significance  in  understand- 
ing the  metamorphism  of  the  I'"ranciscan,  are  two  other 
occurrences  of  sodic  pyroxene.  In  one,  omphacite,  a 
pvroxene  with  30-50  percent  of  the  jadeite  molecule, 
is  a  major  component  of  rocks  assigned  to  the  eclogite 
facies.  In  the  other,  which  will  be  dealt  \\ith  at  greater 
length  here,  a  jadeite,  containing  up  to  80  percent  of 
the  pure  end-member,  forms  a  prominent  constituent 
of  Franciscan  metagraywacke  exposed  in  several  large 
areas. 

Jadcitic  mctagra\wacke  was  first  noted  in  the  I'ran- 
ciscan  b\-  iMaddock  (1955)  during  a  study  of  the 
Mount  Boardman  quadrangle  east  of  .Mount  Hamilton. 
Subsequently,  similar  rocks  were  described  b\-  Rloxam 
(1956,  p.  488-489)  as  occurring  in  the  Berkeley  Hills 
and  on  .\nge\  Island  in  the  San  Francisco  quadrangle. 
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in  the  Panoche  Valley  quadrangle  near  Ciaucophane 
Ridge,  and  in  the  Sebastopol  quadrangle  near  Valley 
Ford  (Bloxani,  1959).  Jadeitic  metagraywacke  has  been 
observed  along  Tres  Pinos  Creek  in  the  San  Benito 
quadrangle  by  W.  G.  Ernst  (written  communication, 
Aug.  3,  1960).  Jadeitic  metagraywacke  occupies  an 
area  of  many  square  miles  about  Pacheco  Pass  (McKee, 
1958a,  b;  1962)  and  has  been  recorded  from  the  Isabel- 
Eyler  area  east  of  Alount  Hamilton,  near  the  top  of 
iVIount  Diablo,  along  Aliners  Road  in  the  Tesla  quad- 
rangle, and  in  the  Calaveras  Reservoir  in  the  A4organ 
Hill  quadrangle  by  Soliman  (1958).  Similar  rocks  have 
also  been  found  at  Goat  Rock  in  the  Duncans  .Mills 
quadrangle,  on  the  Tiburon  peninsula  in  the  San  Fran- 
cisco quadrangle,  and  along  Arroyo  Mocho  in  the 
Tesla  quadrangle  by  R.  G.  Coleman  (oral  communi- 
cation, 1960). 

Additional  data  on  the  distribution  of  jadeitized 
graywacke  was  obtained  as  a  byproduct  of  a  study  of 
the  specific  gravity  of  hundreds  of  graywacke  speci- 
mens collected  from  the  entire  Coast  Ranges  (see  p. 
139).  To  ascertain  w  h\  some  of  these  normal- 
appearing  gra>\\ackes  were  abnormally  heavv,  we 
selected  35  with  specific  gravities  ranging  from  2.70 
to  2.89,  extracted  a  heavy  fraction  in  bromoform,  and 
X-raycd  the  hea\ies.  The  results  of  this  work,  shown 
on  figure  19,  indicate  the  conversion  of  albite  to  jade- 
itc  is  the  cause  of  the  high  specific  gravity  and  that 
an\  Franciscan  gra)'wacke  with  a  specific  gravity  of 
more  than  2.71  probably  is  jadeitized.  Consequently 
on  figure  18  we  show  areas  in  which  at  least  some  of 
the  gra\  w  ackes  are  abnormally  heavy  as  areas  contain- 
ing jadeitized  rock.  This  extrapolation  of  data,  which 
greatly  extends  the  area  believed  to  contain  jadeitized 
graywacke  in  the  Franciscan,  is  not  substantiated,  but 
by  X-ray  we  found  jadeite  in  selected  gra\wackes 
from  as  far  north  as  Zenia  in  the  Kettenpom  quad- 
rangle to  as  far  south  as  Parkfield  in  the  Parkfield 
quadrangle  (see  fig.  18). 

It  is  thus  apparent  that  a  jadeitic  metamorphism  of 
the  Franciscan  graywacke  is  widespread,  even  though 
it  has  escaped  notice  until  recentlv.  One  large  area  of 
its  development  is  in  the  Diablo  Range  along  a  span 
extending  from  Panoche  Valley  northward  nearly  to 
Livermore  (Livermore  quadrangle),  a  distance  of 
about  75  miles.  Another  large  area,  based  largely  on 
the  occurence  of  heavy  gravwackes,  extends  for  many 
tens  of  miles  northwestward  from  Clear  Lake.  Most  of 
the  other  more  limited  occurrences  are  along  the  ex- 
tension of  this  same  belt.  It  is  probably  significant  that 
the  belt  containing  jadeitized  metagraywacke  appears 
to  include  the  oldest  parts  of  the  Franciscan;  also  note- 
worthy is  the  lack  of  known  jadeitized  graywacke  in 
the  Franciscan  west  of  the  Nacimicnto  fault. 

Jadeitic  metagraywacke  closely  resembles  normal 
Franciscan  graywacke  and  usually  occurs  in  unsheared 
beds  showing  sedimentary  features  and  no  schistosity 
(photo.  53).  It  is  heavier  and  tougher  than  unmeta- 
morphosed  graywacke  and   may  possess  a  greenish- 
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grey,  rather  waxy  appearance  on  fresh  surfaces.  Clastic 
texture  is  always  visible,  but  close  examination  shows 
that  grain  boundaries  are  somewhat  less  distinct  than 
those  in  the  unaltered  rock.  Where  the  jadite  is  unusu- 
ally coarse,  witii  the  aid  of  a  hand  lens  it  can  be  seen 
to  form  radiating  groups  or  sheaves.  In  thin  section 
most  of  the  jadeite  occurs  as  small  interlocking  gran- 
ules, and  the  determination  of  optical  properties  is 
difficult  except  on  the  larger  radial  crystals.  The  most 
striking  optical  characteristic  of  the  mineral  is  its 
anomalous  birefringence,  which  because  of  strong  dis- 
persion yields  colors  much  like  those  of  clinozoisite. 
As  jadeite  forms  chiefly  from  the  breakdown  of  plagi- 
oclase,  jadeitized  metagraywacke  in  incipient  stages 
general!}"  contains  albite,  but  where  the  alteration  is 
complete  albite  is  absent.  Accompan\ing  metamorphic 
minerals  may  include  glaucophanc,  lawsonite,  pumpel- 
lyite,  aragonite,  recrystallized  quartz,  sericite,  and 
chlorite.  Although  some  of  the  jadeitic  rocks  are  semi- 
schists,  the  retention  of  the  original  clastic  texture, 
and  the  general  lack  of  foliation  or  schistosity,  clearly 
indicates  that  stress  is  not  a  critical  factor  in  the  for- 
mation of  the  jadeitized  graywacke. 

Glaucophane-bearing  Btueschists 

Glaucophane-bcaring  metamorphic  rocks  are  found 
throughout  the  extent  of  the  Franciscan,  except  in 
parts  of  the  "coastal  belt"  in  the  western  part  of  the 
northern  Coast  Ranges.  They  occur  in  a  variety  of 
geologic  situations,  some  of  the  most  peculiar  of  which 
have  been  the  most  studied  yet  remain  the  least  under- 
stood. These  occurrences  can,  for  the  purpose  of  de- 
scription, be  divided  into  three  categories:  ( 1)  areas  of 
several  tens  of  square  miles  in  which  all  of  the  rocks 
are  regionally  metamorphosed;  (2)  small  patches  of 
mildly  metamorphosed  rocks  occurring  in  an  other- 
wise unmetamorphosed  terrain  and  in  places  exhibit- 
ing gradational  relations;  and  (3)  generally  rounded 
blocks,  usually  tens  of  feet  in  diameter  but  locally 
much  larger,  occurring  as  tectonic  inclusions  either  in 
the  unmetamorphosed  parts  of  the  Franciscan  or  in 
serpentine.  As  the  tectonic  blocks  also  include  eclogite, 
and  glaucophane-eclogite,  the  discussion  of  glauco- 
phanc rocks  occurring  in  this  unusual  manner  is  in- 
cluded later  in  a  section  dealing  with  eclogites. 

In  the  Franciscan  are  found  only  a  few  areas  of  tens 
of  square  miles  in  extent  in  w^hich  metamorphism  has 
everywhere  resulted  in  the  formation  of  glaucophane- 
bearing  rocks,  and  it  seems  likely  that  in  the  aggregate 
such  area  are  less  extensive  than  are  areas  of  jadeitized 
graywackes.  For  want  of  a  better  term  we  refer  to 
these  few  areas  as  regionally  metamorphosed,  although 
they  are  smaller  than  areas  generally  so  described. 
Most  of  the  glaucophane-bearing  rocks  are  schistose 
and  show  both  foliation  and  lineation,  in  contrast  to 
the  jadeitized  graywackes  which  are  not  foliated.  The 
metamorphic  minerals  in  some  of  the  glaucophane- 
bearing  rocks,  however,  are  not  oriented,  suggesting 
that  directed  stress  is  not  required  for  their  formation. 


Collectively,  the  glaucophane-bearing  rocks  are  gen- 
erally referred  to,  as  they  are  here,  as  glaucophane 
schists,  even  though  not  all  are  schistose. 

One  large  area  of  regionally  metamorphosed  glauco- 
phanc schist  comprises  the  northwest  half  of  Santa 
Catalina  Island  (Bailey,  1941),  20  miles  offshore  from 
southern  California;  and  a  small  area  of  similar  rock 
is  exposed  in  the  Palos  \'erdes  Hills  on  the  main- 
land. However,  as  has  been  pointed  out  by  Woodford 
(1960),  these  exposures  are  but  a  remnant  of  a  much 
larger  area  of  metamorphic  rocks  that  was  exposed 
offshore  from  the  present  mainland  in  Miocene  time. 
These  rocks  have  been  referred  to  as  the  Catalina 
Schist  because  of  the  difficultv'  in  establishing  a  posi- 
tive correlation  with  the  unmetamorphosed  Franciscan 
Formation  of  the  San  Francisco  Bav  area,  but  we  con- 
sider them  to  be  a  part  of  the  eugcosynclinal  assem- 
blage that  includes  the  Franciscan  Formation.  On 
Santa  Catalina  Island  these  rocks  are  now  all  metamor- 
phosed to  some  degree,  but  prior  to  their  metamor- 
phism, they  consist  of  graywacke,  shale,  conglomerate, 
mafic  volcanic  rocks,  chert,  and  serpentine  in  propor- 
tions similar  to  those  of  the  unmetamorphosed  parts  of 
the   eugcosynclinal   assemblage   in   the   Coast   Ranges. 

The  Santa  Catalina  Island  metamorphic  rocks  show 
different  degrees  of  recrystallization  and  diverse  min- 
eral fabrics.  Some  of  the  graywackes  and  greenstones 
in  field  exposures  are  no  more  sheared  than  is  t\pical 
of  the  unmetamorphosed  counterparts  on  the  mainland; 
others  are  tightly  folded  and  highly  schistose  with  all 
original  textures  and  structures  destroyed.  Aleasure- 
mcnts  of  bedding  and  foliation  indicate  the  two  are 
virtually  parallel  and  the  entire  section  comprises  a 
northwest-trending  moderately  open  s>-ncline.  All  gra- 
dations between  gra\'wacke  with  an  incipient  develop- 
ment of  glaucophane  and  lawsonite  to  fully  recrystal- 
lized foliated  quartz-glaucophane-lawsonite  schists  are 
present.  Similarly,  some  metamorphosed  greenstones 
show  undistoited  original  diabasic  or  variolitic  tex- 
tures, whereas  other  massive  and  schistose  metamor- 
phic rocks,  which  on  the  basis  of  their  chemical  com- 
position are  also  believed  to  have  been  derived  from 
greenstones,  are  so  completely  reconstinited  that  they 
show  no  relict  textures.  RhythmicalK-  bedded,  red 
metacherts  grade  to  quartz-glaucophane  schists.  Quartz- 
picdmontite  schists  containing  crossite  also  doubtless 
have  resulted  from  metamorphism  of  a  manganese-rich 
chert  similar  to  those  found  in  the  mainland  areas  of 
the  Franciscan.  Discontinuous  veins  of  quartz,  albite, 
or  locally  calcite  traverse  the  better  developed  .schists. 
Examination  of  more  than  a  hundred  thin  sections, 
many  of  which  were  of  mildly  metamorphosed  gray- 
wacke, failed  to  reveal  any  jadeite. 

Other  extensive  areas  in  which  all  the  Franciscan 
is  metamorphosed  lie  berwcen  Healdsburg  and  the 
Pacific  Ocean.  The  largest  of  these  extends  from  the 
well-known  Junction  Schoolhouse  locality  (about  2 
miles  southwest  of  Healdsburg)  for  at  least  20  miles  in 
a  northwesterly  direction,   parallel  to  the  structural 
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Photo   53.      Jodeitized   thin-bedded    Franciscan   groywacke.   On   State   Highway    152,   east   side   of   Pacheco  Pass,  Diablo  Range. 


grain  of  the  Franciscan  in  this  area.  It  has  an  outcrop 
width  of  generally  between  1  and  2  miles  but  locally 
is  IVz  miles  wide.  Throughout  its  length  the  belt  is 
apparently  bounded  by  faults.  Other  somewhat  smaller 
areas  of  Franciscan  metamorphic  rock  occur  near 
Cazadero  (Skaggs  quadrangle)  and  Occidental  (Sebas- 
topol  quadrangle). 

Most  of  the  rocks  of  the  Junction  Schoolhouse 
belt  are  well-developed  quartz-glaucophane-lawsonite 
schist  with  or  without  alhite,  derived  through  the 
metamorphism  of  grayvvacke,  but  also  included  are 
tectonic  blocks  of  rocks  whose  mineral  assemblage 
seems  to  represent  higher  temperatures  and  pressures. 
Among  these  are  eclogites,  glaucophane-eclogites,  and 
garnet-pyroxene-hornblende  gneisses.  These  more  un- 
usual rocks,  which  are  not  typical  of  the  belt  as  a 
whole  but  arc  prominently  exposed  near  the  Junction 
Schoolhouse,  have  been  studied  and  described  by 
Nutter  and  Barber   (1902),  Gealcy    (1951),  Switzer 


(1945,  1951),  and  Borg  (1956);  these  rocks  are  dis- 
cussed in  a  later  part  of  this  report  under  the  heading 
of  eclogite  and  associated  metamorphic  rocks.  The 
typical  quartz-glaucophane-lawsonite  schists  are  rather 
monotonous  in  aspect  and  mineralogs'  throughout  a 
section  that  is  nearly  5,000  feet  thick  as  measured 
across  the  steeply  dipping  foliation.  They  are  well 
exposed  in  steep  roadcuts  along  the  Skaggs  Springs- 
Annapolis  road  where  it  crosses  the  belt  between  3  and 
5  miles  west  of  Skaggs  Springs  (Skaggs  quadrangle). 
In  the  smaller  belt  extending  northwesterly  from 
Cazadero  the  metamorphic  rocks  can  be  seen  along 
the  Cazadero-Fort  Ross  Road  beginning  a  mile  west  of 
Cazadero,  and  exposures  are  especially  good  in  the 
adjacent  canyon  of  Ward  Creek  southeast  of  Little 
Oat  Mountain.  The  rocks  of  this  area  provide  an  inter- 
esting contrast  to  those  of  the  Junction  Schoolhouse 
belt,  as  most  of  the  glaucophane-bearing  rocks  west 
of  Cazadero  were  derived  by  metamorphism  of  Fran- 
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Photo   54.      Glaucophane    schist    d 
tion   parallels  bedding   which   dips  to  th 


ciscan  greenstone  and  chert  accompanied  by  only 
small  amounts  of  graywacke.  Some  of  the  metagreen- 
stones  are  unsheared  and  exhibit  well-developed  pil- 
low structure,  locally  with  thin  blue  glaucophane-rich 
shells  around  the  edges  of  the  pillows,  whereas  other 
metagreenstones  are  more  schistose  and  exhibit  both 
foliation  and  lineation.  The  common  mineral  assem- 
blages include  glaucophane,  lawsonite,  pumpellyite, 
garnet,  aragonite,  white  mica,  and  sphene;  in  varieties 
derived  from  chert,  stilpnomelane  and  quartz  are  abun- 
dant. 

An  area  of  metamorphosed  rock  in  western  Tehama 
County,  shown  on  figure  18  as  "area  of  phyllites;  bluc- 
schist(?),"  provides  another  example  of  fairly  wide- 
spread development  of  metamorphic  rocks.  This  area 
has  been  studied  in  reconnaissance  by  Irwin  (1960,  p. 
37-38)  and  Kilmer  (1961),  and  some  parts  have  been 
studied  in  greater  detail  by  M.  C.  Blake  (oral  com- 
munication,  1962)   and  Edward  Ghent   (1963).  The 


area  is  shown  as  blueschist(?)  because  of  the  uncer- 
tainty regarding  the  kind  and  number  of  metamorphic 
facies  occurring  there.  Kilmer  reports  that  in  this  area 
typical  unaltered  Franciscan  rocks  are  exposed  in  the 
canyon  floors  and  lower  slopes,  but  in  going  upward 
the  metamorphic  grade  increases  to  slate,  ph\llite, 
greenschist,  and  quartz-mica  schist  on  the  ridge  crests 
and  peaks.  Blake  reports  finding  glaucophanc-epidote 
rocks  in  the  high  North  Yolla  Bolly  Mountains  area. 
Ghent  assigns  the  schists  along  the  ridge  crests  in  the 
Hull  Mountain  and  Anthony  Peak  c]uadrangles  to  the 
blucschist  facies  because  of  the  widespread  occurrence 
of  lawsonite  and  aragonite,  but  he  reports  jadeite  is 
absent.  We  identified  lawsonite  in  two  heavy  meta- 
gravwackes  from  the  ridges,  and  also  found  no  jadeite 
in  heavy  mineral  concentrates.  The  rocks  containing 
lawsonite  arc  properly  assigned  to  the  blueschist  facies, 
but  higher  grade  facies  may  also  be  present.  The  oc- 
currence of  the  metamorphose  rocks  above  unmeta- 
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Photo  55.  Contorted  blueschist 
formed  by  metamorphism  of  thin- 
bedded  graywQcke  and  shale.  Near 
Little    Harbor,   Santa    Cotalina    Island. 


morphosed  rocks  may  be  the  result  of  thrusting  or 
may  result  from  overturning  of  the  entire  section. 
Similar  relations,  with  jadeitized  gra>'wacke  strati- 
graphically  above  unmetamorphosed  graywacke,  were 
noted  in  the  Pacheco  Pass  area  hv  McKee  (1958a. 
p.  64). 

In  contrast  to  the  more  extensive  belts  of  glauco- 
phane  schists  are  small  patches  of  mildly  metamor- 
phosed glaucophanc-hearing  metagraywacke  or  meta- 
greenstone  that  occur  in  terranes  that  are  otherwise 
unmetamorphosed.  Locally  such  schists  are  reported 
to  have  formed  along  contacts  \\ith  serpentine  and  to 
grade  outward  into  unaltered  Franciscan  rocks.  One 
locality  north  of  Alount  Hamilton  has  been  reported 
by  Crittenden  (1951,  p.  26);  another  along  Las  Aguil- 
las  Creek  (San  Benito  quadrangle)  was  reported  by 
Wilson  (1943,  p.  195);  another  in  the  North  Berkeley 
Hills  (San  Francisco  quadrangle)  was  reported  b\ 
Brothers  (1954);  and  Taliaferro  (1943a,  p.  167)  indi- 
cates other  examples  are  known  to  him.  In  other  places 
the  Franciscan  is  locally  metamorphosed  even  though 
no  serpentine  is  present.  Maddock  (1955)  mentions 
three  places  in  the  Mount  Boardman  quadrangle  where 
the  change  from  schist  to  graywacke  took  place  over 
a  span  of  50  to  150  feet.  Northwest  of  the  Cazadero 
metamorphic  belt  arc  many  areas  of  greenstone  which 
contain  patches  exhibiting  vcining,  and  local  replace- 
ment, of  the  greenstone  by  a  blue  amphibolc,  and  also 


present  are  some  small  areas  of  graywacke  containing  a 
little  glaucophane. 

How  common  may  be  areas  of  local  metamorphism 
involving  blueschist  facies  minerals  requires  additional 
observations,  but  our  experience  indicates  areas  where 
one  can  definitely  observe  a  gradation  from  unaltered 
rock  to  schist  are  quite  rare.  Considering  the  pre- 
valence of  tectonic  schist  blocks,  described  in  the 
following  section,  and  the  importance  of  properly 
interpreting  these,  one  should  be  unusually  cautious 
in  reporting  such  gradations  unless  exposures  are  ac- 
tually continuous. 

Eclofritc  j\u'ies  rocks.  Dense,  green,  garner-hearing 
metamorphic  rocks  occurring  among  the  assemblage 
of  Franciscan  rocks  \\ere  first  described  as  eclogites 
by  Holway  (  1904)  and  have  been  studied  in  detail 
by  Switzer  (1945.  1951),  Crittenden  (1951,  p.  25-26), 
and  Borg  (1956).  Differences  of  opinion  regarding 
w  iicthcr  or  not  tiiese  rocks  are  true  eclogites  have  been 
expressed  because  the  p\roxene  is  slightly  different 
from  the  omphacite  in  eclogite  in  other  areas,  and  the 
garnet  contains  onl\'  20  percent  pyrope  in  contrast  to 
an  average  content  of  39  percent  in  eclogites  described 
by  Eskola  (Borg,  1956).  Nonetheless,  the  California 
rocks  seem  suf!icicntl\'  close  to  eclogites  to  be  so 
termed  in  this  report.  Tiie  purest  specimens  are  more 
than  90  percent  omphacite  and  garnet,  and  in  addition 
to    these    two    ke\'    minerals    tiie\"    scncrali\'    contain 


19641 


Franciscan  of  Western  California 


97 


several  percent  rutile  and  some  p\'rite  and  chalcopy- 
rite.  Closely  related  to  the  eclogite,  as  is  indicated  by 
their  having  a  common  field  occurrence  and  locally 
being  finel\'  interlayered  with  eclogite,  are  hornblende- 
bearing  eclogites,  hornblendites,  and  glaucophane- 
eclogites.  Other  rocks  related  to  these  arc  pyroxene- 
epidote  and  pyroxene-epidote-glaucophanc  (garnet- 
muscovite)  rocks.  These  related  rocks  diflter  from  the 
biueschists  in  texture  as  well  as  mineralogy.  All  are 
completely  crystalloblastic  and  show  no  trace  of  relict 
texture.  Many  are  coarse  grained,  and  some  are  gneissic 
with  nearly  monomineralic  la\crs  of  omphacite,  horn- 
blende or  glaucophane,  garnet,  and  epidotc.  Some 
show  retrograde  metamorphic  effects  by  the  alteration 
of  garnet  to  chlorite,  rutile  to  sphene,  or  sodic  pyrox- 
ene to  glaucophane. 

Manv  of  the  rocks  described  under  this  heading  are 
cut  bv  sharply  bounded,  relatively  straight  veins  that 
are  generally  less  than  an  inch  in  width  but  in  places 
are  several  inches  wide.  Most  veins  are  monomineralic, 
but  some  contain  two  or  more  of  the  following  vein 


minerals:  quartz,  albitc,  glaucophane,  lawsonite,  puni- 
pell\  ite,  calcite,  pyritc,  sphene,  and  apatite.  Ptygmatic 
veins  with  gradational  margins,  interpreted  to  be  older 
than  tiie  veins  filling  fractures,  may  contain  omphacite, 
hornblende,  garnet,  apatite,  or  glaucophane. 

The  eclogites  and  related  rocks  nowhere  occur  as 
normal  bedrock,  but  instead  are  found  as  isolated,  more 
or  less  spherical  blocks  a  few  feet  to  a  few  hundred 
feet  in  size  (photos  64,  65).  Most  of  these  blocks  are 
apparentl\'  surrounded  by  unmetamorphosed  Francis- 
can rocks  and  obviously  are  not  now  in  the  place 
where  they  formed.  In  places  they  can  be  seen  to 
occur  in  gouge\'  shale  in  fault  zones,  in  sheared  blue- 
schist,  or  in  serpentine,  but  in  these  places  too  they  are 
tectonic  inclusions  and  have  been  moved  from  their 
original  environment.  On  figure  18  we  have  plotted 
the  locations  of  some  of  these  blocks  to  indicate  their 
widespread  distribution,  but  those  shown  are  a  small 
sample  of  the  thousands  of  blocks  that  are  exposed 
in  the  Franciscan  terrane.  In  spite  of  their  abundance' 
and  widespread  distribution,  thc\-  are  nor  randomly 


Photo  56.      Tightly    folded    blueschist    with    gently   dipping    axial    planes   exposed    near  the 


Santa   Catolino    Island. 
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Photo  58  (right).  Quortzalbite-pargosite-stilpno- 
melone  schist.  Light  areas  are  a  mosaic  of  quartz  and 
olbite.  Grey  patches  elongated  parallel  to  schistosity 
consist  of  a  blue-green  pleochroic  omphibole  refer- 
able to  porgosite,  muscovite,  and  a  little  chlorite. 
Long  dark  crystals  cutting  abruptly  across  the  schis- 
tosity ore  stilpnomelone.  Section  also  contains  several 
precent  of  sphene,  occurring  as  many  small  subhedrol 
grains,  and  a  few  crystals  of  garnet.  Skaggs  quad- 
rangle (57-425). 


Photo  57  (left).  Quortz-glaucophonelawsonite- 
muscovite  schist.  This  rock  contains  well  oriented 
prisms  of  pole  colored  glaucophane,  euhedral  tablets 
of  lawsonite,  plates  of  muscovite,  end  a  mosaic  of 
quartz.  A  little  fine-grained  magnetite  and  leucoxene 
is  also  present.  The  schist  hos  formed  from  a  gray- 
wocke  and  contains  one  of  the  commonest  of  the 
blueschist  mineral  assemblages.  When  metomorphism 
has  reached  this  stage  no  relict  texture  remains,  the 
original  matrix  has  disappeared,  and  oil  constitutents, 
including  probably  even  the  quartz,  are  products  of 
the  metamorphic  reaction.  Skaggs  quadrangle  (59- 
211). 
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Photo  59  (right).  Eclogite.  Most  of  the  rock  is 
apple  green  omphocite  with  euhedrol  crystals  of  gar- 
net showing  very  slight  retrograde  alteration  to 
chlorite.  Dark  patches  are  sphene,  which  occurs 
mantling  rutile,  as  lorger  porphyroblostic  crystals, 
and  OS  abundant  aggregates  of  small  crystals.  A  little 
gloucophone  and  muscovite  ore  present;  they  gen- 
erally occur  together  and  in  most  places  with  chlorite. 


Rock    analysis    given 
quadrangle    (59-193). 
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Photo  60  (left).  Garnet  amphibolite.  Predominont 
mineral  is  on  cmphibole  which  in  most  crystals  grqjjes 
from  a  hornblende  in  the  central  part  to  glaucophane 
at  the  margin.  Garnet  occurs  in  euhedrol  porphyro- 
blasts,  and  green  omphocitic  pyroxene  occurs  as  sub- 
hedral  crystals  and  radial  growths.  Muscovite  and 
chlorite  ore  present  in  small  amounts  and  some  of 
their  relations  suggests  both  may  be  retrograde. 
Rutile  is  conspicuous  and  in  many  places  is  coated 
with  sphene.  Although  an  amphibole  predominates 
in  this  rock  other  features  of  the  mineralogy  and 
texture  ore  much  like  those  of  the  Franciscon  eclo- 
gites   cf.   figure.    Skoggs   quadrangle   (60-341). 


_,2. 


100 


California  Division  of  Mines  and  Geology 


[Bull.  183 


Photo  61.  Garnet  glaucophone  schist.  This  rock  is  composed  chieOy  of 
well-oriented  subhedral  prisms  of  glaucophone  with  which  are  stubby 
prisms  of  pole  epidote  and  plates  of  muscovite.  Garnet  porphyroblosts 
enclose  many  grains  of  quartz,  and  they  appear  to  hove  forced  aside  the 
glaucophone  and  epidote  forming  augen  that  are  largely  filled  with 
quartz.  Most  dark  areas  are  clots  of  leucoxene,  some  of  which  contain 
central  cores  of  rutile,  but  some  black  areas  are  magnetite.  Skaggs  quad- 
rangle (59-639). 
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distributed.  In  some  areas,  like  tiie  coastal  belt,  the 
tectonic  blocks  are  rare  or  absent,  and  even  in  areas 
where  they  are  common  they  occur  in  greatest  abun- 
dance scattered  through  broad  linear  belts  believed  to 
be  major  shear  zones. 

Most  of  the  tectonic  blocks  of  metamorphic  rock 
show-  a  prominent  planar  foliation  and  also  have  a 
strong  linear  orientation.  In  some  cases  the  foliation 
near  the  margin  swings  abruptl\-  to  parallel  the  block 
boundary.  Surrounding  many  of  the  blocks,  including 
those  not  engulfed  in  serpentine,  is  a  peripheral  shell 
a  few  feet  thick  of  chlorite-actinolite  schist,  in  which 
the  mineral  orientation  is  parallel  to  the  margin  of  tiie 
block.  The  veins  found  within  the  eclogite,  or  other 
core  rock,  do  not  extend  through  this  chloritic  mar- 
ginal shell.  In  a  few  places  the  boundar\-  of  the  massive 
eclogite  is  sharply  offset  by  a  fault  of  small  displace- 
ment, but  the  resulting  angular  margin  is  smoothed 
out  by  a  flexure  in  the  chloritic  shell.  Other  blocks 
with  little  or  no  chloritic  shell  are  smooth,  locally 
even  polished,  and  in  effect  are  enveloped  by  a  slick- 
ensided  surface.  An  unusual  example  showing  deep 
gouges  and  striae  with  several  different  orientations  is 
shown  in  photo  66.  Although  tectonic  abrasion  and 
weathering  tends  to  obliterate  the  soft  chloritic  shell 
or  slickcnsided  surfaces,  such  features  have  been  ob- 
served on  many  blocks,  and  their  existence  further 
substantiates  the  conclusion  that  the  blocks  were 
brought  into  their  present  position  by  tectonic  means 
and  are  not  the  result  of  metamorphism  in  place. 

Although  rocks  of  the  eclogite  facies  occur  only  in 
tectonic  blocks,  not  all  the  tectonic  blocks  found  in 
the  Franciscan  consist  of  rocks  of  the  eclogite  facies. 
Many  of  these  blocks  are  blueschists,  which  in  min- 
eralogy and  texture  are  like  the  normal  blueschists 
that  form  the  bedrock  over  extensive  areas.  Commonly 
these  blocks  are  glaucophane-bearing  rocks,  but  jade- 
itized  graywacke  also  occurs  in  this  manner  and,  be- 
cause of  the  difficulty  of  recognizing  it,  ma\-  be  more 
common  than  it  is  now  known  to  be.  Still  other  tec- 
tonic blocks  of  similar  size  and  shape,  and  in  places 
showing  tectonically  abraded  surfaces,  consist  of 
unmetamorphosed  Franciscan  graywacke,  chert,  or 
greenstone. 

Relation  of  metcmiorphic  rocks  to  serpaitine.  Rocks 
of  the  blueschist  facies  occur  in  the  California  Coast 
Ranges,  as  in  most  other  places  throughout  the  world, 
in  areas  that  also  contain  serpentine.  Some  blueschists, 
as  well  as  eclogites  and  associated  rocks,  are  found  as 
inclusions  in  serpentine,  and  many  others  occur  close 
to  the  margins  of  serpentine  masses.  This  association 
of  blueschist  and  serpentine  is  so  prevalent  that  it  has 
led  some  geologists  to  the  belief  that  the  blueschists 
of  the  Coast  Ranges  have  formed  as  the  result  of  pneu- 
matolitic  alteration  caused  by  the  serpentine  or  by 
ultramafic  magma  (Taliaferro,  1943a,  p.  159-182;  Crit- 
tenden, 1951,  p.  25-26;  Switzer,  1945,  p.  8). 

In  the  Junction  Schoolhouse  and  Cazadero  meta- 
morphic   belts    west   of    Healdsburg,    and    on    Santa 


Catalina  Island,  the  evidence  that  the  blueschists  result 
from  some  widespread  form  of  metamorphism  and  are 
not  genetically  related  to  ultramafic  masses  is  compel- 
ling. All  these  areas  contain  a  little  serpentine,  but  not 
enough  to  have  caused  the  extensive  metamorphism. 
In  addition,  detailed  mapping  of  these  areas  indicates 
a  complete  independence  bet\veen  the  occurrences  of 
schist  and  occurrences  of  serpentine,  and  the  meta- 
morphic grade  does  not  change  in  going  outward  from 
the  serpentine  contacts. 

Elsewhere  in  the  California  Coast  Ranges  we  found, 
for  every  schist  mass  close  enough  to  a  serpintine  mass 
to  be  related  to  it  in  origin,  perhaps  ten  schist  masses 
too  distant  from  serpentine  masses  to  be  related.  It  has 
been  suggested  that  many  of  these  distant  schist  masses 
are  underlain  b>'  serpentine  that  does  not  crop  out,  but 
statistically  this  suggestion  becomes  quite  improbable. 
Even  some  schist  masses  found  in  contact  with  serpen- 
tine can  be  demonstrated  not  to  represent  contact 
metamorphism  of  the  intruded  rock  because  these 
masses  have  formed  from  source  rocks  different  from 
those  bordering  the  serpentine;  for  example,  mcta- 
greenstones  along  a  contact  between  serpentine  and 
graywacke.  Other  supposed  contact  zones  include  a 
jumble  of  metamorphic  rocks  which,  because  of  their 
mineral  assemblages,  must  have  formed  under  dissim- 
ilar pressure-temperature  conditions.  It  is  thus  clear 
that  most  of  the  isochemically  metamorphosed  Fran- 
ciscan rocks  were  not  formed  b\-  any  process,  cither 
pneumatolitic  or  otherwise,  related  to  serpentine  or 
ultramafic  intrusions,  and  we  doubt  that  serpentine  is 
in  any  way  responsible  for  the  origin  of  these  meta- 
morphic rocks. 

Age  of  the  inetmiiorphini/.  The  time  of  metamor- 
phism of  both  bedrock  blueschists  and  tectonic  blocks 
of  glaucophane-epidote-garnet  gneiss  in  the  Ward 
Creek  area  has  been  investigated  by  isotope  methods 
by  Lee  and  colleagues.  The\'  report  (Lee  and  others, 
1963),  "The  isotope  age  determinations  made  on  mus- 
covites  obtained  from  these  schists  gave  the  following 
results:  potassium-argon  ages  for  two  bedrock  schists 
gave  135  and  128  million  years;  three  samples  from 
the  tectonic  blocks  gave  an  average  potassium-argon 
age  of  142  million  years;  a  single  rubidium-strontium 
age  determination  on  muscovite  from  these  tectonic 
blocks  gives  an  age  of  149  million  years."  These  ages 
indicate  this  metamorphism  took  place  in  Late  Jurassic 
or  Early  Cretaceous  time  (Kulp,  1961).  Similar  ages 
were  found  for  8-10  samples  from  various  bedrock 
localities  1)\-  the  geochronology  group  at  the  L-niver- 
sit\-  of  California  according  to  G.  H.  Curtis  (oral 
communication,  April  1963). 

Origin  of  the  metamorphic  rocks.  The  Franciscan 
metamorphic  rocks  of  the  zeolite  and  blueschist  facies, 
including  jadcitized  mctagraywacke,  arc  believed  to  be 
normal  l-"ranciscan  sedimentary  and  volcanic  rocks  iso- 
chcmicall)  mctamorphf)scd,  chiefly  as  a  result  of  load 
metamorphism  under  conditions  of  abnormally  low- 
temperatures  relative  to  pressures.  The  distribution  of 
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Skaggs  quadrangle 


the  blueschists  in  linear  belts  suggests  that  some  other 
factor,  periiaps  stress,  ma\'  have  been  effective  in  initi- 
ating mineral  growth  in  the  low-temperature,  high- 
pressure  environment.  The  cclogitcs  and  related  rocks 
ma\-  originall\  ha\e  been  Franciscan  sedimentarv  and 
\olcanic  rocks  dow  nwarped  to  extreme  depths,  or 
they  ma\-  be  rocks  from  beneath  the  Franciscan;  in 
either  case  they  have  been  moved  upw  ard  relative  to 
the  other  rocks  of  the  area  cither  tectonicallv  or  as 
inclusions   in   ultramafic   masses. 

The  rocks  of  the  zeolite  facies  have  been  recentlv 
discussed  by  Coombs  and  others  (1959)  and  Coombs 
(1960)  as  well  as  by  Fyfe,  Turner,  and  Verhoogen 
(1958)  and  present  no  special  problem.  These  rocks 
occur  under  normal  regional  or  load  metamorphism 
at  temperatures  generally  less  than  300°C  and  at  mod- 
erate pressures,  but  they  may  also  be  formed  h\ 
diagenesis.  The  only  mystery  regarding  these  rocks  in 
the  Franciscan  is  why  they  are  not  more  w  idespread, 
or  at  least   have   not  been  more   wideh'   recognized. 


around    tectonic   block   of   glaucophone 


1  he  rocks  of  tiie  blueschist  facies  in  the  Franciscan 
of  California,  and  in  other  parts  of  the  w  orld  as  well, 
have  been  the  .subject  of  many  papers  and  much  differ- 
ence of  opinion.  Because  of  the  general  presence  of 
striking  blue  amphibole  or  jadeite,  geologists  have 
tended  to  think  of  these  rocks  as  either  soda-rich  or 
enriched  in  soda.  The  many  chemical  analyses  now 
available,  however,  clearly  indicate  most  of  the  Fran- 
ciscan blueschists  are  chemically  similar  to  sedimentarv 
or  volcanic  rocks  of  the  Franciscan,  and  no  addition  of 
soda  is  required  for  the  formation  of  the  blueschists 
(see  table  14a,  b,  and  fig.  20).  Similar  conclusions  have 
been  reached  by  other  geologists  who  studied  blue- 
schists from  this  area,  Japan,  or  the  entire  A\orld 
(Washington,  1901;  Smith,  1906;  Alivashiro  and 
Banno,  1958;  Ern.st,  1959). 

When  it  is  recognized  that  rocks  of  the  blueschist 
facies  do  not  differ  chemically  from  rocks  of  the  more 
common  greenschist  facie.s,  if  one  is  to  explain  the 
origin  of  blueschists  one  must  call  upon  some  general 
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condition  of  metamorpiiism  that  is  unusual  but  none- 
tiiclcss  repeated  during  geologic  time  in  many  eugco- 
sN'nclinal  accumulations  throughout  the  world.  \'ari- 
ous  possibilities  are:  abnormally  high  pressure  linked 
with  moderate  temperature,  abnormall\"  high  or  low- 
water  pressure,  abnormal  oxygen  pressure,  high  di- 
rected stress,  or  combinations  of  these.  Because  of 
their  general  high  density,  the  presence  of  lawsonite, 
jadeite,  and  aragonite,  and  their  restriction  to  certain 
eugeosvnclinal  environments,  it  seems  reasonable  to 
explain  the  de\elopment  of  hlueschists  rather  than 
greenschists  as  due  to  unusuall\-  high  pressures,  result- 
ing from  deep  burial,  and  low  temperatures,  resulting 
from  accumulation  and  downwarping  taking  place  so 
rapidK"  that  a  normal  thermal  gradient  was  not  estab- 
lished. The  role  of  directed  stress,  or  of  abnormall\' 
high  pressure  developed  in  a  local  area  as  a  result  of 
tectonic  movements,  is  difficult  to  assess.  The  low- 
competence  of  the  Franciscan  that  results  from  its 
intimatel\-  broken  character,  and  its  plasticity  even 
under  relativel\-  shallow-  loads  as  is  indicated  by  its 
flowage  to  form  diapir  intrusions,  leads  us  to  believe 
that  the  Franciscan  is  unlikel\-  to  have  sufficient 
strength  to  permit  the  buildup  or  transniission  of 
stresses  amounting  to  more  than  a  small  fraction  of 
the  pressure  due  to  load.  How  ever,  the  limited  f)ccur- 
rence  of  at  least  the  glaucophane-bearing  hlueschists 
in  belts  that  parallel  the  prevalent  directions  of  shear- 
iii<j,  suggests  even  a  small  increase  in  stress  ma\'  have 
been  operative  in  tritjej-ering  the  metamorphism  of 
rocks  alread\'  under  high  lithostatic  pressure. 

Figure  21  is  an  attempt  to  reconcile  the  available 
experimental  and  field  evidence  regarding  the  pressure- 
temperature  environment  for  the  zeolite,  blueschist, 
and  greenschist  facies  assemblages.  While  exact  tem- 
peratures and  pressures  are  indicated,  one  must  be  fully 
aware  that  every  boundary  line  in  the  diagram  is  in 
nature  essentially  a  transition  zone  and  that  scarcely 
an\  point  on  the  lines  can  be  fixed  with  certainty. 
Pressure-temperature  boundaries  between  natural  min- 
eral phases  are  subject  to  variations  due  to  the  pres- 
ence of  minor  components  in  the  reacting  phases  or 
to  their  involving  reactions  that  in  nature  are  linked 
chemicalK-  with  other  reactions,  as  well  as  being  mod- 
ified b\-  a  variation  in  w  ater,  oxygen,  or  in  some  cases, 
carbon  dioxide  pressure,  with  the  result  that  P-T  dia- 
grams for  complex  natural  systems  cannot  be  made 
precise.  Siniilarl\',  great  uncertainties  exist  as  to  what 
is  the  true  slope  of  a  maximuni,  minimum,  or  "normal" 
thermal  gradient  (Birch,  IQ.^.");  Turner  and  Vcrhoogen, 
1960,  p.  436-439).  However,  in  spite  of  multiple  uncer- 
certaintics  the  diagram  serves  to  show  what  are  be- 
lieved to  be  the  general  relations  of  \  arious  facies  fields 
to  each  other,  to  approximate  pressure-temperatures 
conditions,  and,  indirectly,  to  geologic  environment 
during  the  time  of  metamorphism. 

The  figure  shows  two  main  fields  of  meramorphic 
rocks  separated  by  a  line  of  "maxiiuum  thermal  gradi- 
ent  from    conduction"    and   designated   as    "Thermal 


•      8%. 
SAKT»   CAT*LII(« 
ISUHD 

Figure  20.  Location  of  onolyzed  metamorphic  rocks  listed  in  tables 
14a  and   14b. 

iMetamorphism"  and  "Load  Metamorphism."  The 
maximum  thermal  gradient  line  is  intended  to  separate 
a  low  er  area,  in  which  the  flow  of  heat  is  dominated 
by  normal  rock  conduction,  from  an  upper  area,  in 
which  heat  is  also  added  by  the  inflow  of  hot  gases, 
water,  or  magma.  The  area  of  load  metamorphism  is 
further  subdivided  into  two  fields  separated  by  a  line 
intended  to  indicate  the  lower  limit  of  thermal  gradi- 
ent existing  in  rocks  that  have  reached  equilibrium 
insofar  as  temperature  is  concerned.  Above  the  line  is  a 
field  occupied  by  the  usual  sequence  of  facies  of 
regionally  metamorphosed  rocks.  Below  this  line  is  a 
field  of  low  temperatures  relative  to  pressures,  into 
which  rocks  will  not  normally  fall  unless  they  have 
accumulated  rapidly,  subsided  rapidly,  or  both.  The 
blueschist  facies  is  believed  to  be  entircl\-  in  this  latter 
field. 

Boundary  lines  between  zeolite,  blueschist,  and 
greenschist  facies  are  the  postulated  stability  bound- 
aries between  several  essentially-  calcium-aluminum 
silicates— lauinontite  (or  prehnite  or  pumpellyite),  law- 
sonite, and  epidote.  The  lines  as  drawn  fit  the  avail- 
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Table  14a.    Analyses  and  vwlectdar  norms  of  Franciscan  ??ieta?>iorphic  rocks:  Metamorphosed  sedhnentary  rocks. 


Si02--. 
TiOj— 
AI2O3.. 

FeO-.. 
MnO.. 
MgO.. 
CaO... 
NajO-- 

H2O+. 
H2O-. 
CO2... 


1 


70.61 
0.53 
11.99 
1.S9 
2.22 
O.OS 
2.82 
2.41 
2.86 
1.64 
2.81 
0.20 
0.03 
0.07 


69.14 
0.37 

15.08 
1.51 
0.84 
0.03 
1.08 
2.79 
5.31 
1.28 
1.96 
0.08 

on 


Total 99.83 

Density 


70.04 
0.14 
13.88 
0.91 
2.26 
0.07 
2.11 
1.79 
4,01 
0.97 
3.15 
0.25 
0.07 


99.65 


60.63 
1.21 

15.98 
1.11 
3.62 
0.11 
4.07 
4.34 
3.59 
1.00 
3.36 
0.31 
0.42 
0.01 


99.76 


5 


68.2 
0.62 

13.00 
1.6 
2.7 
0.08 
2.4 
2.0 
2.2 
2.2 
3.2 
0.50 
1.0 
0.10 


99.8 


70.0 
0.51 

12.0 
1.0 

2.8 

0.08 

3.1 

2.2 

2.6 

2.0 

2.7 

0.16 

0.38 

0.10 


100.00" 


2.79 


67.1 
0.55 

13.6 
1.3 
3.5 
0.06 
2.4 
2.6 
1.4 
2.0 
4.0 
0.33 
<0.05 
0.19 


99.  e*" 


74.48 

9J5 
1.41 
4.12 

3^04 
2.84 
2.24 
0.43 
2.06 
0.08 


99.85 


80.21 
7^99 

3J5 

L54 
1.10 
5.97 
0.22 

0.74 


Molecular  norm-catanor.m 


Q 

or 

ab 

an_ 

C 

en 

fs 

mt 

il 

hm 

ap 

cc 

py 

%An  in  plag 


37.2 
10.0 
27.0 
11.0 
1.9 
8.2 
1.6 
1.8 
0.8 

OJ 
0.2 


25.1 
7.5 
48.5 
13.0 
0  4 
3.0 

\'.2 
0.6 
0.3 
0.3 


33.6 
6.0 

37.5 
9.0 
3.6 
6.0 
3.0 
0.9 
0.2 


0.2 
19" 


19.4 
6.0 

33.5 

20.0 
2.3 

11.6 
3.2 
1.2 
1.8 


1.0 

37" 


40.4 
14.0 
21.0 
2.5 
7.0 
7.0 
2.2 
1.8 
1.0 

OJ 

2.8 


36.4 
12.0 
24.5 
8.0 
3.2 
9.0 
3.8 
0.8 
0.6 

OJ 
1.0 
0.4 

25 


41.3 
12.5 
13.5 
12.5 
5.8 
7.2 
3.2 
1.5 
0.8 

OJ 
0.2 
1.1 


45.4 

2.5 

21.0 

14.8 


6.2 
1.4 


1.  Jadeitized  metagra\'wacke, 

2.  Jadeitized  metagraywacke, 

3.  Jadeitized  metagiayvi'acke,  Point  Blunt,  Angel  Island,  M; 
Quartz-glaucophane  schist 


10 


67.5 
0.5 

13.5 
1.2 
3.0 
0.1 
2.2 
2.4 
3.6 
1.7 
2.5 
0.4 
0.8 
0.1 


99.5 


31.3 
10.6 
33.8 
6.2 
4.0 
6.3 
3.1 
1.3 
0.8 

0"4 
2.0 


Berkeley  Hills.  Contra  Costa  County,  Calif.  (Bloxam,   1956,  p.  493).  Analysis  by  E.  H.  Oslund. 
Valley  Ford,  Sebastopol  quadrangle,  Sonoma  County,  Calif.  (Bloxam,  1956,  p.  493).  Analysis  by  E.  H.  Oslund. 
County,  Calif.  (Bloxam,  1960,  p.  559).  Analysis  by  T.  W.  Bloxam. 


Bio 

5-7.   By  rapid  rock  analysis  m 

5.  Jadeitized  metagra>'wacke. 
Barlow,  and  M.  D.  Mack. 

6.  Jadeitized  metagraywacke. 
Analysis  by  P.  L.  D.  EJmore,  S 

".  Jadeitized  metashale,  same 
Chloe. 

8.  Quartz-glaucophane  schist, 
ington. 

9.  Quartz-glaucophane  schist 

10.  Average  Franciscan  grayw 
■  Also  includes  S  =  0.18. 
>>  Also  includes  S  =  0.39. 


graywacke).  Point  Simpton,  Angel  Island,    Marin    County,    Calif.    (Bio 


Pthod  described  in  U.  S.  Geol.  Survey  Bull.   1036-C. 
800  ft  southeast  of  Campbell  Point,  Angel  Island,  Ma 

Pacheco  Pass,  along  U.  S.  Highway    152  at  B.M.    190,    Pach. 

.  D.  Botts,  I.  H.  Barlow,  and  Gillison  Chloe. 

locality  as  no.  6  above.  Collected  by  R.  G.  Coleman.  Analysis 


Count>',  Calif.  Analys 
Pass  quadrang 
P.  L.  D.  Elmoi 


1960,    p.    567).    Analysis    by    T.    W. 

;  by  P.  L.  D.  Elmore,  S.  D.  Botts,  I.  H. 
e,  Calif.  Collected  by  R.  G.  Coleman. 
■.  S.  D.  Botts,  I.  H.  Barlow,  and  Gillison 


Little  Harbor,  Santa  Catalina  Island,  Los  Angeles   County,    Calif.    (Washington,    1901,   p.   48).   Analysis   by   H.    S.   Wash- 

(metachert).  Angel  Island,  Marin  County,  Calif.  (Ransome,   1894,  p.  231).  Analysis  by  F.  L.  Ransome. 
acke,  column  1,  table  2.  of  this  report. 


able,  though  as  yet  ver\'  limited,  experimental  data  for 
pure  calcium-aluminum  silicates  (Fyfe,  Turner,  and 
Verhoogen,  1958;  Coombs  and  others,  1959).  Iron, 
however,  also  enters  into  some  of  these  reactions  since 
punipellyite  normally  contains  some  iron,  and  epidote 
rather  than  zoisite  is  the  common  epidote-group  min- 
eral. Until  experimental  data  are  available  for  the 
coupled  reactions  involved  (Fyfe,  Turner,  and  \'cr- 
hoogen,  1958,  p.  151-153),  the  exact  position  of  the 
facies  boundaries  cannot  be  fixed.  Also  shown  are  pos- 
sible field  boundaries  for  the  sodium-aluminum  sili- 
cates-analcitc,  albite,  and  "jadeite,"  with  the  latter  in 
quotes  because  Ca,  Mg,  and  Fe  are  normally  present 
and  are  required  to  bring  the  analcite-"jadeite"  bound- 


ary to  the  low  pressure  indicated  (Robertson  and 
others,  1957;  Coleman,  1961).  The  position  of  the  cal- 
cite-aragonite  boundary  is  believed  to  be  quite  accu- 
rate as  this  is  a  simple  phase  change,  and  both  ends 
of  the  line  have  been  determined  experimentally 
(Jamieson,  1953;  AlacDonald,  1956;  Clark,  1957).  The 
occurrence  of  aragonitc  rather  than  calcite  in  the  blue- 
schists  (Coleman  and  Lee,  1962)  is  particulariy  signifi- 
cant because  the  calcite-aragonite  boundary  is  nearly 
parallel  and  considerably  below  the  lower  limit  of  the 
field  of  "normal"  thermal  gradients.  Its  occurrence  as  a 
stable  mineral  in  the  blueschist  requires  an  environ- 
ment of  abnormally  low  thermal  gradient.  The  eclogite 
line  is  drawn  to  agree  with  the  experimental  work  of 
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Table  14b.    Analyses  and  molecular  nanus  of  Francisca^i  ?>7eta7norph!c  rocks:  Metamorphosed  igneous  rocks. 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Si02 

49.68 

1.31 
13.60 

1.86 

8.61 

0.04 

6.26 
10.97 

3.09 

0.12 

}  "M 

0^21 

48.29 
1.37 

14.62 
0.84 
8.37 
0.22 
8.33 

10.24 
2.47 
0  13 
4.93 
0.12 

0^12 

51.28 
2.96 

12.04 
2.98 

10.54 
0.38 
7.76 
3.95 
4.49 
0.52 
2.28 
0.17 

0^38 

49.17 
2.51 

12.19 
1.10 

10.88 
0.29 
6.83 

10.76 
2,47 
0.32 
3.58 
0.27 
0.02 

49.12 
0.61 

14.99 
0.97 
9.21 
0.07 
6.58 

10.65 
2.58 
0.90 
4.11 
0.19 

0J2 

48.26 
2.51 

12.81 
4.10 
9.15 
0.16 
6.71 
8.76 
2.93 
0.10 
3.47 
0.32 
0.01 
0.36 

47.99 
2.62 

12.50 
3.40 

11  12 
0  31 
6.11 

12.16 
2.98 
0.21 
0.44 
0.08 

45.8 
3.2 

13.2 
6.4 
9.1 
0.23 
5.4 

11.0 
4.3 
0.04 
1.7 
0  09 
<0  05 
0.17 

49.5 

2.0 
12.7 

4.9 

5.2 

0.24 

7.0 
11.7 

4.9 

0.54 

1  "    { 

<0.05 
<0.05 

49  1 

TI02      

2  0 

AI-,03 

13  8 

Fe,03 

FeO 

3.9 

7  7 

MnO..         .       .   - 

0  2 

MgO 

6  1 

CaO       .        .        .    _ 

9  4 

Na,0 

K-O        _ 

3.3 
0  4 

H2O+ 

2  4 

H2O- 

CO2 

PsOs 

0.4 
0.8 
0  2 

Total 

99.59 

100.05 

99.73 

100.39 

100.10 

99.65 

99.92 

100.7 

100.3 

99.7 

Density 

3.11 

3.20 

3.20 

3.15 

3.21 

3.47 

3.32 

Molecular  norm-catanorm 


Q 

or 

ab 

an 

di 

hy 

ol 

mt 

il 

ap 

cc 

Silica  deficiency 
%An  in  plag 


0.2 
0.5 
29.0 
24.2 
25.2 
16.4 

2"i 

1.8 
0.5 


1.0 

23.5 
29.5 
18.4 
19.4 
5.1 
0.9 
2.0 
0.3 


3.0 
42.0 
11.5 

4.8 
15.2 

3J 
4.2 
0.8 


0.6 
1.5 

23.5 
22.5 
27.2 
19.8 

l"2 
3.6 


5.5 

24.0 

28.0 

21.2 

11  2 

7.8 

1.1 

1.0 

0.3 


3.3 
0.5 
28.0 
23,0 
16  0 
20,0 

4'5 
3,6 
0.8 
0.2 


3,3 
1,0 
22,0 
20.8 
32.8 
12.4 

3^8 
3,8 


0,5 
40,0 
17,0 
29.6 

4^5 
6.9 
4.6 
0.5 
0.2 
-3.6) 
30 


3.5 
44.0 
11.0 

36.8 

2^1 
5.1 
2,8 
0,3 
0,2 
-5,9) 
20 


2.4 
2.5 
30.5 
22.7 
16.0 
16.2 

4'2 
3.0 
0.5 
2.0 


"Zoisite  glaucophane  schist,"  Sulphur  Bank,  Lake  County,  Calif.   (Becker,  1888,  p.  104).  Analysis  by  W.  H.  Melville. 

Glaucophane  lawsonite-pumpellyite   schist.   Junction   School   area,   Healdsburg  quadrangle,  Sonoma  County,  Calif.   (Borg,   1956,  p.   1568).  Analy 


W.  Herds 

3.  Glaucophai 
Herdsman. 

4.  Glaucopha 

5.  Glaucopha 
Bloxam. 


!-gamet-lawsonite   schist,   J 


Healdsburg  quadrangle,  Si 


County,  Calif.   (Borg,    1956,   p.    156 


by 

).   Analysis  by  W. 


nphacite-gamet  schist.  Valley  Ford,  Sebastopol  quadrangle,  Sonoma  County,  Calif.  (Bloxam,  1959,  p.  98).  Analysis  by  T.  W.  Bloxam. 
wsonite-pumpellyite  schist.  Valley  Ford,  Sebastopol  quadrangle,   Sonoma   County,   Calif.    (Bloxam,    1959,   p.   98).   Analysis   by   T.    W. 


(jadeite?) 


adiabase.  Point  Simpton,   Angel   Island,    Marin    County,    Calif.    (Bio 


1960,    p.    564).    Analysis    by    T.    W. 


6.  Glaucopha 
Bloxam. 

7.  Eclogite,  Valley  Ford,  Sebastopol  quadrangle,  Sonoma  County,  Calif.  (Bloxam,  1959,  p.  98).  Analysis  by  T.  W.  Bloxam. 

8-9.   By  rapid  rock  analysis  method  described  in  LI.  S.  Geol.  Survey  BuU.  1036-C.  Analyses  by  P.  L.  D.  Elmore,  S.  D.  Botts,  I.  H.  Barlow, 

Chloe. 

8.  Eclogite  with  glaucophane.  Ward   Creek  south   of  Little  Oat   Mountain,   Cazadero   quadrangle,    Sonoma    Count)-,    Calif. 

9.  Eclogite,    I   mile  south  of  Moffitt  Ranch,  Tombs  Creek  quadrangle,  Sonoma  County,  Calif. 

10.  Average  of  least  altered  Franciscan  greenstones,  column    16,  table  4  of  this  report. 


Yoder  (1950),  Kennedy  (1959),  and  Yoder  and  Tilley 
(1961),  and  in  the  low-pressure  area  this  line  falls 
approximately  along  a  line  representing  minimum  tem- 
peratures relative  to  pressures  that  can  be  reasonably 
supposed  to  exist  in  the  earth. 

A  field  for  the  occurrence  of  glaucophane  is  also 
shown  on  the  diagram,  but  its  boundary  is  entirely 
inferred  on  the  basis  of  the  occurrence  of  glaucophane, 
and  minerals  associated  with  glaucophane,  rather  than 
on  experimentally  determined  limits  of  stabilitv.  Ernst 
(1959,  1961)  has  formed  glaucophane  experimentally 
at  temperatures  between  750°  and  870°C  and  pressures 
up  to  2  Kb  but,  because  of  the  sluggishness  of  the  reac- 
tions involved,  has  not  been  able  to  detemiine  its  lower 
limit  of  stability.  Its  upper  limit  of  stability  as  deter- 


mined experimentally  ranges  between  about  850°C  at 
175  bars  vapor  pressure  and  870°C  at  2,000  bars,  indi- 
cating it  is  not  itself  a  high-pressure  or  pressure-sensi- 
tive mineral. 

Factors  considered  in  indicating  the  stability  field 
of  glaucophane  are  therefore  mineral  associations  and 
geologic  environment.  Because  of  its  close  association 
with  lawsonite  and  aragonite,  glaucophane  is  known  to 
be  stable  in  the  abnormally  low-temperature  high- 
pressure  environment  of  the  subnormal-gradient  field; 
because  of  its  scarcity  in  greenschists,  we  assume 
that  glaucophane  does  not  form  in  most  of  the  normal 
thermal  gradient  field  even  though  this  appears  to  be 
contradicted  by  some  of  the  experimental  data.  Glau- 
cophane occurs  in  stable  association  with  "jadeite"  and 
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albite,  and  with  pumpellyite(?),  lawsonite,  and  epi- 
dote,  though  we  know  of  no  rocks  in  which  it  occurs 
with  laumontitc.  Its  absence  from  lawsonite-bearing 
rocks  in  New  Zealand  suggests  its  formation  requires 
a  bit  higher  pressure  at  a  given  temperature  than  is 
required  for  the  formation  of  lawsonite.  Its  apparent 
stable  association  with  omphacite  indicates  its  high- 
pressure  limit  may  be  close  to,  or  within,  the  environ- 
ment in  which  some  eclogites  form. 

The  glaucophanc  field  obviously  is  not  the  same  as 
the  blueschist  field  as  the  former  also  includes  part 
of  the  greenschist  field  and  probably  extends  into  the 
hornblende  (almandite)-oligoclase  field  shown  on  the 
diagram.  The  occurrence  of  glaucophane  with  assem- 
blages falling  outside  of  the  blueschist  field  is  less  com- 
mon than  is  its  occurrence  with  lawsonite.  This  is 
probably  because  it  is  less  common  for  rocks  to  reach 
the  required  P-T  field,  and  then  be  uplifted  to  where 
we  can  see  them,  without  their  being  converted  to 
the  assemblages  of  the  normal  gradient  field. 

It  should  be  noted  that  the  glaucophane  schists  oc- 
cup\ing  extensive  areas  in  the  Franciscan  terrain  and 
beheved  to  result  chiefly  from  load  metamorphism  are 
stable  assemblages  occurring  within  the  field  of  blue- 
schist on  the  diagram.  Eclogites,  or  glaucophane-epi- 
dote  assemblages  occurring  as  tectonic  inclusions,  are 
rocks  representing  higher  temperature-pressure  condi- 
tions and  are  partly  unstable  in  the  blueschist  facies 
field.  Glaucophane-cclogites,  which  also  occur  as  tec- 
tonic inclusions,  have  been  explained  as  caused  by 
retrograde  metamorphism  of  eclogites  in  the  blue- 
schist facies  environment,  and  certainly  some  have  tex- 
tures suggesting  such  an  origin.  Others,  however,  do 
not  have  obvious  retrograde  textures  and  seem  to  be 
stable  associations  formed  in  the  transition  zone  be- 
tween blueschist  and  eclogite. 

\'eins  which  cut  the  blueschists  may  be  expected  to 
contain  minerals  that  were  stable  under  the  prevailing 
temperature-pressure  conditions,  but  veins  along  frac- 
tures in  the  tectonic  blocks  generally  indicate  tempera- 
tures and  pressures  lower  than  those  under  which  the 
metamorphic  rock  formed— for  example,  pumpellyite 
veins  cutting  eclogite  or  glaucophane-eclogites. 

Geologic  ivipUcatiovs  of  the  blueschists.  If  the 
facies  diagram  (fig.  21)  is  reasonably  correct,  it  has 
interesting  implications  regarding  several  aspects  of 
the  geologic  history  of  the  metamorphosed  parts  of 
the  Franciscan.  For  the  rocks  to  have  reached  the  blue- 
schist facies  environment,  sedimentation  and  down- 
warping  must  have  taken  place  so  rapidly  that  normal 
heat  flow  from  below,  plus  heat  generated  by  radio- 
activity within  the  sequence,  was  unable  to  reach 
normal  steady  state  conditions,  resulting  in  abnormally 
low  temperature  relative  to  pressure.  Because  of  un- 
certainties regarding  thickness  and  length  of  time  al- 
lowable for  the  accumulation  of  the  Franciscan,  it  is 
not  possible  to  check  this  inference  by  comparing  it 
with  a  known  period  of  accumulation  or  downvvarp- 


ing  based  on  accurate  knowledge  of  its  beginning  and 
ending.  However,  the  older  pre-Knoxville  part  of  the 
Franciscan,  which  is  apparenth'  the  only  part  that 
contains  extensive  areas  of  rocks  of  the  blueschist 
facies,  is  known  to  be  very  thick  and  suspected  to 
have  been  deposited  during  the  brief  interval  between 
the  deposition  of  the  Galice  and  Mariposa  Formations 
and  the  deposition  of  the  Knoxville  Formation,  a  span 
that  allows  only  a  few  millions  of  years  for  its  accu- 
mulation. 

Another  implication  of  the  diagram  is  that  the  low- 
est part  of  the  Franciscan  reached  an  apparent  depth 
of  more  than  20  km  or  70,000  feet.  Part  of  this  depth 
may  be  initial  owing  to  deposition  in  an  oceanic  deep, 
part  represents  the  thickness  of  the  eugeosynclinal  ac- 
cumulation, and  part  may  represent  downbuckling. 
Considering  all  the  possibilities  our  best  inference  is 
that  the  accumulation  itself  is  very  thick,  probably 
over  50,000  feet  thick.  Unfortunately  this  figure  can- 
not be  checked  by  measurements  of  total  or  partial 
stratigraphic  sections  because  of  structural  complexi- 
ties previously  described.  A  thickness  of  50,000  feet 
is  greater  than  has  generally  been  attributed  to  the 
Franciscan,  but  this  tiiickness  does  not  appear  to  be 
excessive. 

If  the  accumulation  of  Franciscan  rocks  at  the  time 
of  metamorphism  was  50,000  feet  thick  and  possessed 
an  abnormal  thermal  gradient,  it  is  of  interest  to  at- 
tempt to  draw  a  reasonable  thermal  gradient  line  on 
figure  21.  The  upper  end  of  the  thermal  gradient  line 
will  be  at  the  top  of  the  eugeosyncline  and  at  a  temper- 
ature near  0°C.  The  pressure  might  be  tiic  water  pres- 
sure at  the  base  of  an  oceanic  deep,  roughly  equiva- 
lent to  a  rock  load  of  15,000  feet.  The  occurrence  of 
aragonite,  rather  than  calcite,  as  the  stable  calcium 
carbonate  in  some  of  the  blueschists  requires  the  ther- 
mal gradient  line  to  pass  below  the  well-established 
calcite-aragonite  phase  boundary  shown  on  the  figure. 
A  thermal  gradient  curve  of  appropriate  shape  has 
been  drawn  starting  from  0°C  and  falling  below  the 
calcite-aragonite  boundary  near  the  zeolite-blueschist 
facies  boundary.  For  such  a  curve  to  approximate  the 
actual  thermal  gradient  in  the  Franciscan  requires  the 
sedimentation  and  downwarping  to  have  taken  place  in 
a  period  of  a  few  million  to  a  few  tens  of  millions 
of  years  (Grossling,  1959),  though  just  how  brief  the 
period  must  be  depends  on  what  assumptions  are  made 
regarding  heat  flow  into  the  pile,  heat  generated  within 
the  pile,  and  heat  gains  or  losses  due  to  metamorphic 
reactions.  It  may  be  significant  that  these  rocks  lack 
K-feldspar  and  therefore  would  have  an  abnormally 
low  rate  of  heat  generation  due  to  radioactive  decay. 

A  further,  and  equall\-  important,  implication  of  the 
diagram  is  that  blueschists  formed  in  a  field  of  abnor- 
mall\'  low  temperature  relative  to  pressure  will,  during 
the  passage  of  time  in  which  the  thermal  gradient 
approaches  a  more  normal  gradient,  or  a  .state  of  heat 
equilibrium,  pass  from  the  field  of  blue.schists  into  the 
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field  of  greenschists,  or  in  the  extreme  case,  into  the 
almandine-amphibolite  facies.  As  Franciscan  blue- 
schists  do  not  normalh'  show  any  sign  of  having  been 
in  the  greenschist  environment,  we  may  infer  that 
they  not  only  reached  considerable  depths  rapidly 
but  also  were  subsequently  uplifted  to  higher  levels 
before  a  normal  thermal  gradient  was  established.  The 
fact  that  aragonite  is  present  and  has  not  inverted  to 
calcite  not  only  indicates  very  rapid  subsidence  but 
also  clearly  indicates  rapid  uplift  and  erosion  (Brown 
and  others,  1962).  This  conclusion  is  compatible  with 
what  can  be  inferred  from  the  geologic  history  of  the 
Franciscan  and  its  structural  relation  to  other  units. 
The  diagram  also  has  implications  regarding  the 
role  contact  metamorphism,  by  either  mafic  or  ultra- 


mafic  rocks,  might  play  in  the  formation  of  blueschists. 
An  intrusive  mass  might  raise  the  temperature  of  its 
walls  by  many  hundreds  of  degrees,  but  it  cannot  be 
expected  to  have  more  than  very  minor  effect  on  the 
pressure.  The  diagram  clearly  shows  that  raishig  the 
tanpcrature  ivould  not  result  iv  the  ^onnation  of 
bhieschists  mider  any  pressure,  and  although  contact 
metamorphism  might  result  in  the  formation  of  green- 
schists,  or  higher-grade  assemblages,  it  cannot  be  ex- 
pected to  form  blueschists.  In  the  New  Almaden  area 
(Bailey  and  Everhart,  1964),  where  both  blueschists 
and  amphibolites  occur  in  the  Franciscan,  the  amphi- 
bolites  border  and  grade  out  from  serpentine  masses, 
whereas  the  blueschists  occur  as  tectonic  inclusions 
remote  from  the  serpentine. 


Part  a "  Significance  oft/ie  Franciscan  in  tlie  Geoiogy  afttie  Coast  Ranges 
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The  things  that  must  be  known  about  the  assem- 
blage of  Franciscan  rocks  before  its  significance  in 
the  geology  of  the  Coast  Ranges  can  be  understood 
may  be  broadly  divided  into  two  categories:  (1)  the 
lithic  composition  of  the  assemblage,  and  what  the 
lithic  components  indicate  about  the  depositional  en- 
vironment; and  (2)  the  relation  of  these  rocks  to  dif- 
ferent bordering  rocks  of  similar  age,  and  the  paleo- 
geographic  or  tectonic  features  that  have  brought 
about  these  relations.  The  data  presented  in  the  first 
part  of  this  report  fall  into  the  first  category.  They 
indicate  that  the  Franciscan  is  composed  chiefly  of 
a  very  thick  accumulation  of  somewhat  unusual  sedi- 
mentary and  volcanic  rocks  that  seem  to  have  been 
deposited  rapidly  in  deep  water  in  a  subsiding  trough, 
presumably  quite  close  to  an  equally  rapidly  eroding 
landmass  or  landmasses.  Locally,  the  thick  pile  was 
intruded    by   serpentine,   and   its   deeper   parts   were 


metamorphosed.  The  second  part  of  this  report  will 
discuss  the  relation  of  these  Franciscan  rocks  to  other 
rocks  of  the  Coast  Ranges.  To  provide  the  proper 
framework  for  this  discussion,  we  will  first  consider 
the  controversial  age  of  the  Franciscan,  and  then  de- 
scribe briefly  another  assemblage  of  rocks  of  similar 
age  occurring  chiefly  in  the  Great  Valley  and  referred 
to  herein  as  the  Great  \'allev  sequence.  Following  this, 
data  regarding  the  similarities  and  diff^erences  between 
these  two  coeval  assemblages  will  be  given.  Once  these 
diff^erences  are  established,  we  describe  the  major 
structural  elements  of  the  Coast  Ranges  and  point  out 
some  of  the  anomalous  relations  of  the  t\vo  assem- 
blages. In  summary,  we  suggest  some  solutions  to  the 
major  problems  brought  about  by  the  juxtaposition  of 
the  coeval  Franciscan  rocks  and  Great  Valley  sequence 
either  through  original  deposition  or  tectonic  dis- 
placement. 
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A'legafossils  are  remarkabl}-  rare  in  the  Franciscan, 
and  in  spite  of  the  wide  distribution  and  great  thick- 
ness of  the  unit,  the>-  have  been  found  in  only  about 
a  dozen  localities.  On  the  other  hand,  microfossils,  in- 
cluding Foraminifera  in  limestone  and  Radiolaria  in 
chert,  are  locally  very  abundant.  Of  the  microfossils 
only  the  Foraminifera  have  yielded  diagnostic  age 
determinations,  and  unfortunateh*  the  foramini feral 
limestones  are  restricted  to  a  small  part  of  the  outcrop 
area  of  the  Franciscan  rocks. 

Ages  ranging  from  Late  Jurassic  (Tithonian)  to 
Late  Cretaceous  (Campanian)  are  indicated  by  fossils 
found  in  rocks  that  have  been  assigned  by  various 
geologists  to  the  Franciscan.  The  stages  represented  by 
these  fossil  finds  are  shown  in  table  15,  which  also 
includes  a  complete  listing  of  the  European  stage 
names  used  in  this  report.  The  most  abundant  and 
reliable  age  determinations  have  come  from  rocks  on 
the  San  Francisco  peninsula  and  from  contiguous  areas 


Table  1$. 
Stage  assigmnents  of  fossils  found  in  Franciscan  rocks. 


System 

Series 

Stage 

Fran- 
ciscan 
Fossils 

Radio- 
metric 
ages  in 
years- 
before 
present 
(Kulp, 
1961) 

Maestrichtian 

72 

Campanian 

X? 

Santonian 

84 

D. 

;3 

Turonian 

X 

90 

i 

Cenomanian 
Albian 

X 

X 

110 

120 

O 

Aptian 

Barremian 

s 

Hauterivian 
Valanginian 

Neocomian 

X 

Berriasian 

135 

Tithonian 

X 

^ 

D. 

Kimmeridgian 

Oxfordian 

Callovian 

to  the  north  and  south.  Rocks  in  these  areas  have  been 
consistently  dated  as  mid-Cretaceous.  Elsewhere,  fossils 
are  scarcer,  and  some  large  areas  of  Franciscan  rocks 
have  >ielded  little  or  no  diagnostic  paleontologic  data. 
The  kinds  of  fossils  that  have  been  found,  and  their 
respective  age  assignments,  are  tabulated  in  tables  16 
and   17;  their  distribution  is  shown  on  figure  22. 

The  age  of  the  Franciscan  has  long  been  a  problem 
not  onl\'  because  of  the  scarcit\'  of  fossils  but  also 
because  of  additional  complicating  factors.  No  abso- 
lute criteria  for  the  recognition  of  Franciscan  lithology 
have  been  established,  and  geologists  do  not  always 
agree  on  what  is  and  what  is  not  Franciscan.  Further, 
because  of  structural  complexities,  even  where  fossils 
are  found  in  an  area  generally  agreed  to  be  Franciscan 
the  possibility  may  exist  that  the  particular  fossil- 
bearing  rock  is  a  foreign  infolded  or  infaulted  mass. 
An  example  of  these  difficulties  is  provided  b\'  the 
history  of  strata  that  crop  out  near  Slate's  Hot  Springs, 
Lucia  quadrangle,  Monterey  County.  These  rocks  were 
first  considered  by  Fairbanks  (1894,  p.  82;  1896;  1898) 
to  be  the  basal  beds  of  the  pre-Cretaceous  "Golden 
Gate  Series"  (=  Franciscan  Formation),  but  later  work 
by  Nomland  and  Schenck  (1932)  clearly  established 
their  Late  Cretaceous  age  based  on  Baciilites  and  Ino- 
cermmis.  These  rocks  then  were  transferred  by  Talia- 
ferro (1944,  p.  507)  to  his  non-Franciscan  Asuncion 
Group,  primarily  on  the  basis  of  their  Late  Cretaceous 
age.  Other  rocks  have  had  a  similar  history,  in  that 
they  were  first  classed  as  Franciscan  but  then  assigned 
to  another  stratigraphic  unit  when  they  were  found  to 
contain  Cretaceous  fossils. 

San  Francisco  Area 

The  first  authentic  fossil  obtained  from  rocks 
mapped  by  Lawson  in  the  t\'pe  area  of  the  Franciscan 
Formation  was  found  in  a  barge  load  of  rock  from 
Alcatraz  Lsland,  in  San  Francisco  Bay,  and  was  de- 
scribed as  Inoceravms  ellioti  by  Gabb  (1869,  p.  193,  pi. 
31,  fig.  90a).  Additional  specimens  of  this  species  have 
not  been  found,  and  because  of  the  fragmentary  nature 
of  the  existing  s>"ntypic  specimen  (see  Stewart,  1930, 
pi.  2,  fig.  2),  a  positive  age  assignment  cannot  be  made. 
The  general  form  of  this  species,  however,  is  com- 
parable to  other  species  of  Cretaceous  age.  Subse- 
quently other  Cretaceous  fossils  have  been  found  in 
the  type  area  of  the  Franciscan;  Schlocker,  Bonilla, 
and  Imlay  (1954)  reported  the  occurrence  of  Dou- 
villeiceras  ci.  D.  maiiniiillatmii  (Schlothcim)  from  cliffs 
along  the  south  side  of  the  entrance  to  San  Francisco 
Bay  (fig.  22,  no.  11),  and  Hertlein  (1956)  described 
a  fragment  of  Mantelliceras  sp.  found  on  the  beach  on 
the  north  side  (fig.  22,  no.  10).  These  ammonites  are 
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Figure  22.     Map  showing  fossil  localities  in  Franciscan. 
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Table  16.    Franciscan  Megafossil  fossil  localities. 


Megafossil 

localities 

shown  on  map. 

fig.  22 

Fossils  present 

Age 

Location  and  remarks 

1 

Near  Trinidad   Head,   Humbnidt   County.    Fossils   in 

2 

Buch  ia  crassicollis 

Bitch  ia  piochii 

Buchia  crassicollis 

Buchia  piochii  and  B.  crassicollis^. 
Buchia  piochii - 

Inoceramus  labiatus  (Schlotheim)  _  _ 
Inoceratnus  schmidti  Michael 

block  in  shear  zone. 
West-central  Yolla  Bolly  quad.,  sec.   11,  T.  26  N.,  R. 

low. 

Covelo  quad.,  near  corners  of  sees.  15,  16,  21,  22,  T.  24 
N.,   R.    11   W.   Feldspathic  graywacke  with   pebbly 
mudstone,  greenstone,  and  chert. 

Northwestern  part  of  Stonyford  quad.,  3  mi.  S.  9°  W. 
of  Sheetiron  Mtn.,  and   J4  mi.  E.  of  Bowery  flat. 
Fossils  in  limy  shale  and  graywacke  associated  with 
greenstone  and  chert. 

Southern  part  of  Stonyford  quad.,  sec.   25,  T.    17  N., 
R.  7  W. 

Two  localities,  one  4  mi.  S\V.  of  Skaggs  Springs,  the 

3 

4 

5 
6 

Tithonian  and  Valanginian 

7 

other  in  the  NE.  part  of  the  Fort  Ross  7}4'  quad. 
Both  these  localities  are  in  shear  zones  within  Fran- 
ciscan rocks,  (photo.  67,  figs.  6  and  8). 

On  Skaggs  Springs  road,  Skaggs  Springs  7}4'  quad., 
sec.  24,  T.  10  N.,  R.  11  W.  (photo.  67,  fig.  12). 

Found  in  two  places;  on  Wolfe  Grade,  just  S.  of  San 
Rafael,  and  in  a  quarry  about  2  mi.  SSE.  of  Novate. 
Fossils  occur  in  thinly  bedded   sandstone  and   silt- 
stone   which    may   not   be   part   of   the    Franciscan, 
(photo.  67,  fig.  1). 

Small  scraps  of  Buchia  found   by  J.   0.   Berkland  on 
U.S.  Highway  101  just  N.  of  San  Rafael. 

N.   side  of  entrance  to  San  Francisco  Bay.   In  gray- 
wacke boulder  occurring  as  float  on  beach. 

8 

9 

Late  Jurassic  or   Early   Cre- 
taceous 

Cenomanian 

10 
11 

Mantelliceras  sp 

Doiivilleiceras  cf.  D.  mammillatutn 
(Schlothem) 

Stercocidaris  baileyi  Nerinea  sp 

IcthyosauTus  franciscanus  Camp.  .. 
/.  californicus  Camp. 

12 

massive  graywacke.  (photo.  67,  figs.  2  and  3). 

New  Almaden  area,  N.  side  of  Baldy  Ryan  Canyon, 
one    mi.    ESE.   of   Fern   Peak,    Santa   Teresa    Hills 
quadrangle.     Fossils     found     in     oolitic     limestone, 
(photo.  67,  figs.  4  and  5). 

Found  in  chert  cobbles  in  Quaternary  gravels  at  mouth 
of   Corral   Hollow   Creek   and    near    mouth   of    Del 
Puerto  Canyon,  E.  side  of  Diablo  Range. 

Numerous   localities   NW.   and    E.   of   Stanley   Mtn. 

13 
14 

Late  Jurassic  or   Early   Cre- 
taceous 

Tithonian 

Buchia  piochii  (Gabb),  and  other 
fossils 

Fossils  occur  in   dark-gray  shale  interbedded   with 
siliceous   shale   and   greenstone,   but   assignment   of 
these  rocks  to  the   Franciscan  is  questionable.  See 
Easton  and  Imlay  (1955,  p.  2337,  fig.  1),  and  Tali- 
ferro  (1943a,  p.  199,  fig.  7)  for  locality  data. 

indicative    of    the    Albian    and    Cenomanian    Stages, 
respectivelv. 

Thalmann  (1942,  1943)  first  definitely  established 
the  Cretaceous  age  of  what  he  regarded  as  the  Calera 
Limestone  Member  south  of  the  type  locality,  but  he 
did  not  figure  or  describe  anv  specimens.  Cushman  and 
Todd  (1948)  described  a  small  fauna  of  Foraminifera 
obtained  from  tuffaceous  beds  intercalated  in  a  small 
lens  of  Calera-like  limestone  that  crops  out  near  New 
Almaden   in   central   Santa   Clara   County,   and   they 


suggested  an  Early  Cretaceous  age  for  this  fossil  as- 
semblage. Glaessner  (1949)  revised  some  of  their  de- 
terminations and  aLso  postulated  an  Early  Cretaceous 
(Albian)  age.  Kiipper  (1955)  reexamined  specimens 
from  this  same  locality  and  reported  the  presence  of 
the  following  species: 

Glohotrwicmia  (Rotalipora)  globotnincanoides  Sigal 
G.  (K.)  apemii)iica  apcmiivica  (Renz) 
G.  (R.)  cvohita  Sigal 
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G.  (ThalmmnihieUa)  sp. 

G.  {Rotundhia)  irimialensis  (Sigal) 

G.  (R.)  stephaiii  stephani  (Gandolfi) 

G.  {R.)  califon/icii  (Cushman  and  Todd) 

PhvioinaUna  hiixtorfi  (Gandolfi) 

GlobiQ;erinn  sp. 

This  assemblage  suggested  to  Kiipper  a  Cenomanian, 
rather  than  an  Albian  age. 

In  1961  Loeblich  and  Tappan  (1961,  p.  264)  briefl\ 
discussed  the  fauna  from  this  locality  and  listed  the 
following  planktonic  species  thought  to  be  character- 
istic of  a  middle  to  late  Cenomanian  age: 

Plmiovialhia  bjixtorfi 
Hedheri^clla  trocoidea 
Rotalipora  g;reenhoriieiisis 
PriiL'irlohotnuicaim  stcphaiii 

The  foraminiferal  assemblage  from  near  New  AI- 
maden  is  nearly  the  same  age  as  a  fauna  obtained  from 
the  t\  pe  Calera  Limestone  A4ember  at  Rockaway 
Beach  by  Church  (1952,  p.  70)  who  reported  the 
following  forms: 

Globotrmiccma  {Rotalipora)  appciuiiiiica  typica 

Gondolfi 
Glohotniiicaiia  stcphaj/i  tiirbinata  Reichel 
Pseiidoclavrdiva  sp. 
Plenrostomella  sp. 
Aiwinalina  sp. 
Pentciliiia  sp. 
Cibicides  sp. 

Gyroidina  sp.  cf.  G.  depressa  (Alth.) 
Schackohia  cenovmna  (Schacko) 

Franciscan  foraminiferal  limestone,  either  of  the 
light-colored  Calera  type  or  the  red  Laytonville  type, 
occurs  in  many  places  in  the  western  part  of  the  Fran- 
ciscan outcrop  area  from  the  San  Juan  Bautista  quad- 
rangle in  the  south  to  the  Scotia  quadrangle  in  the 
north.  Throughout  this  extent,  Foraminifera  generalh 
are  abundant  in  the  limestone  and  all  of  the  lenses 
studied  so  far  seem  to  be  approximately  of  the  same 
age  (see  table  17).  Thalmann  (1943,  p.  1827)  reported 
on  Cretaceous  Foraminifera  from  a  red  limestone  near 
Laytonville  in  northern  California,  and  identified  the 
following  forms: 

Globotnmcana  reiizi  Thalmann 

Globigerhm  cretacca  d'Orbigny 

GiimbeUint  sp. 

Bolivhia  sp. 

Astacolus?  sp. 

Nodosaria  sp. 

Rotalia?  sp. 

The  presence  of  Globotnmcana  renzi  was  thought  h\ 
Thalmann  to  be  indicative  of  a  Turonian  age. 

Thin  sections  of  limestone  from  other  localities  were 
examined  briefly  by  Andrew  Marianos  of  Humble  Oil 


and  Refining  Cf).,  and  he  reported  the  follow  ing  fos- 
sils and  age  determinations  (written  communication, 
1960): 


Locality  on 
figure  22       Foraminifera 

( 1 )  GlobotrmiCiTna  helvetica 

(3)  Abundant  GlobigerinaO  ) 

(4 1  Nf)  fauna  listed 

(5;  Globotritncana  helvetica 

fS)  Praei!,lobotruncarm 

stcpkani 
(9)  A  few  keeled  forms  and 

several  with  bulbous 

chambers 
(10 1  Globotritncana  helvetica 

Fraeglobotriincana 

stephani 

(11)  Abundant  single-keeled 

form,  indeterminable 


Probable  age 
Turonian 

Late  Cenomanian  or 
early  Turonian 

Turonian 

Cenomanian  or 
Turonian 

Possibly  Cenomanian 
or  Turonian 

1  uronian 


PossibU  late  Cenoma- 
nian or  early 
Turonian. 


iVIegafossils  are  rare  in  the  Franciscan  limestone,  but 
a  nerineid  gastropod  and  a  large  fragment  of  an 
echinoid  (sec  photo  67)  were  found  by  Bailey  in  a 
lens  of  oolitic  limestone  in  the  New  Almaden  quad- 
rangle (fig.  22,  no.  12).  The  echinoid  was  described 
b>-  H.  Barraclough  Fell  of  Victoria  University,  New 
Zealand,  as  a  new  species  Stereocidaris  baileyi  Fell, 
which  "is  probably  no  older  than  Cenomanian  .  .  . 
its  closest  congener  is  S.  Dierceyl  (Cotteau)  of  Seno- 
nian  age"  (Fell,  1962,  p.  29).  Elsewhere,  corals  of 
several  dilTerent  varieties,  including  hermatypic  forms 
(oral  communication,  J.  Wyatt  Durham,  1961), 
bryozoa,  Foraminifera,  and  molluscan  fragments  oc- 
cur in  small  patches  of  limestone   (photo  42). 

The  age  of  the  limestones  in  the  Franciscan  has 
thus  been  established  as  Albian  to  Turonian  on  the 
basis  of  microfossils  from  man>  localities  and  "no 
older  than  Cenomanian"  on  the  basis  of  a  mcgafossil 
from  a  single  locality. 

Radiolaria  are  extremel\  abundant  in  Franciscan 
chert  and  siliceous  shales,  but,  as  \et,  thev  have  not 
received  sufficient  study  to  be  of  value  in  correlation. 
Hinde  (1894)  first  figured  several  species  of  radiolaria, 
obtained  from  cherts  from  Angel  Island  and  Buri  Buri 
Ridge,  on  the  San  Francisco  peninsula,  including; 

Cenosphaera  sp. 
Carposphaera  sp. 
Cevcllipsis  sp. 
ElUpsidiinii  sp. 
Lithapimii  sp. 
Tripocyclia  sp. 
Hagiastnmi  sp. 
Dictyojiritra  sp. 
Lithocampe  sp. 
Sethocapsa  sp. 
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Table  11.    Franciscan  Forattrinifera  localities. 
(All  in  limestone  of  mid-Cretaceous  age) 


Foraminifera 
localities 
shown  on 
figure  22 


Garberville  quadrangle,  \yi  miles  east-southeast  of 
Gilham  Butte.  Limestone  block  in  sheared  Fran- 


LaytonviUe  quadrangle,  5^  mile  and  214  miles  north 
of  Laytonville,  near  U.  S.  Highway  101.  Red  lime- 
stone. 

Ornbaun  quadrangle,  float  beside  road,  \^/i  miles 
northeast  of  Halvetian  Gun  Club.  Red  limestone. 

Annapolis  quadrangle,  north  side  of  Gualala  River 
at  WMCA  camp.  Thin  lens  of  pink  limestone 
associated  with  greenstone. 

Cazadero  quadrangle,  on  Gilman  Ridge  half  a  mile 
east-northeast  of  Luttrell  Ranch.  Limestone  block 
in  sheared  Franciscan  graywacke. 

Point  Reyes  quadrangle,  about  2  miles  south  of 
Olema.  White  limestone  block  in  San  Andreas 
fault  zone. 

San  Mateo  quadrant^le.  Rockaway  quarry,  2  miles 
northeast  of  San  Pedro  Point.  Calera  Limestone 
Member  of  Franciscan  Formation  at  type  locality. 

San  Mateo  quadrangle,  1,000  feet  southwest  of  El 
Portal  school  in  Burlingame.  Limestone  block  in 
probable  fault  zone. 

Palo  Alto  quadrangle,  from  Black  Mountain  and  the 
Permanente  Cement  Co.  quarry,  7.5  and  8  miles 
south  of  Stanford  University. 

Los  Gatos  quadrangle,  road  cut  0.23  mile  west  of 
Shannon  road  at  a  point  0.7  mile  west  of  Guada- 
lupe Creek.  Limestone,  calcareous  tuff,  greenstone, 
and  graywacke.  Fossils  from  this  locality  were 
described  by  Cushman  and  Todd  (1948)  and 
Kupper  (1955). 

San  Juan  Bautista  quadrangle,  on  jeep  trail  on  ridge 
1 . 1  miles  northwest  of  Castro  Valley.  Limestone 
lens  interbedded  with  graywacke. 


No  definite  age  assignment  was  made  by  Hinde  on 
the  basis  of  these  Radiolaria,  but  he  noted  that  rocks 
of  Jurassic  and  Cretaceous  age  in  Europe  contained 
the  same  genera,  and  therefore  he  suggested  a  similar 
age  for  the  Franciscan.  Radiolaria  from  shale  beds 
interbedded  with  red  chert  near  Belmont  (San  Mateo 
quadrangle)  were  described  by  Riedel  and  Schlocker 
(1956),  who  listed  the  following  forms: 

Covosphaera  sp. 
Cyrtellaria  sp. 
Cryptocephaliis  sp. 
Dicolocapsa  sp. 
Tricolocampe  sp. 
Dictyomitra  sp. 

A  Jurassic  or  Cretaceous  age  has  also  been  postulated 
for  this  fauna. 


No  detailed  or  systematic  study  of  pollen  or  spores 
from  the  Franciscan  has  been  undertaken;  however, 
Darrow  (1951,  p.  26)  reports  pollen  belonging  to 
families  Betulaceac  and  Chenopodiceae  was  obtained 
from  a  sample  of  the  Calera  Limestone  Member  of  the 
Franciscan  Formation.  According  to  Chaney  (report 
of  Darrow),  this  pollen  could  be  no  older  than  Late 
Cretaceous. 

Northern  Coast  Ranges 

Beyond  the  limits  of  the  t>'pe  area  of  the  Franciscan 
Formation,  graywacke  and  shale  sequences  can  be  as- 
signed to  the  Franciscan  with  less  assurance  than  can 
limestone  and  chert,  as  both  of  the  latter  are  gener- 
ally associated  with  volcanic  rocks.  Nevertheless,  sev- 
eral fossil  localities  are  known  in  clastic  rocks  inter- 
bedded \\ith  volcanic  rocks,  and  these  can  be  assigned 
to  the  Franciscan  with  reasonable  certainty.  North  of 
San  Francisco  Bay,  the  presence  of  Upper  Jurassic  and 
lowermost  Cretaceous  Franciscan  rocks  is  indicated 
in  several  places  by  the  presence  of  Biichia  piochii 
(Gabb)  and  B.  crassicoUis  (Keyserling),  respectively. 
Irwin  (1957)  listed  several  such  localities,  notably 
near  Trinidad  Head  (Trinidad  quadrangle),  on  Devils 
Hole  Ridge  (Yolla  Boll\-  quadrangle),  and  near  Bow- 
ery Flat  (Stonyford  quadrangle)  (fig.  22,  nos.  1,  2, 
and  4),  all  of  which  localities  yielded  B.  crassicoUis. 
Several  other  fossil  occurrences  have  been  found  since 
Irwin's  report.  R.  D.  Brown  found  both  B.  piochii 
and  6.  crassicoUis  below  a  thick  greenstone  unit  in 
the  Stonyford  quadrangle  (fig.  22,  no.  5)  and  Bailey 
found  abundant  specimens  of  B.  piochii  in  sandstone 
accompanied  by  greenstone  on  Leech  Lake  Mountain 
in  the  Covclo  quadrangle  (fig.  22,  no.  }). 

That  the  eugeosynclinal  rocks  assigned  to  the  Fran- 
ciscan north  of  the  type  area  also  contain  Upper  Cre- 
taceous clastic  rocks  is  shown  by  a  single  specimen 
of  InoceroDnis  labiatvs  (Schlotheim)  collected  by 
Bailey  in  the  Skaggs  quadrangle  (Durham  and  Jones, 
1959,  p.  1716;  also  this  report  fig.  22,  no.  7).  This 
world-wide  guide  fossil  to  the  lower  Turonian  (photo 
67,  fig.  12)  is  present  in  the  Sacramento  V^alley  at  the 
base  of  the  \'enado  Formation  of  Kirby  (1943),  and 
in  the  San  Joaquin  Valley  in  the  lower  part  of  the 
Panoche  Group  of  Payne  ( 1960). 

Elsewhere  within  the  northern  Coast  Ranges,  still 
other  localities  have  yielded  fossils  indicative  of  Late 
Jurassic  and  Early  and  Late  Cretaceous  ages  (see  fig. 
22),  but  the  relation  of  the  rocks  containing  these 
fossils  to  surrounding  Franciscan  rocks  is  enigmatic. 
Biichia  piochii  occurs  abundantly  on  a  small  penin- 
sula on  the  southern  shore  of  Lake  Pillsbury  in  rocks 
which  resemble  shales  of  the  Knoxville  Formation, 
probably  faulted  into  the  dominantly  Franciscan  ter- 
rane.  The  same  species  also  occurs  in  the  Skaggs  quad- 
rangle, and  in  two  places  northwest  of  Ward  Creek 
where  the  fossils  occur  in  shear  zones  within  Fran- 
ciscan rocks  (fig.  22,  no.  6).  B.  crassicoUis  occurs  in 
a  non-Franciscan  conglomerate  exposed  along  Ward 
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Photo  67   (opposite).      Fossils  from  the  Franciscan  and  some  related  late  Mesozoic  rocks  of  the  Coast  Range 

Figure  1.  Inoceromus  scfimidti'  Michael.  Upper 
Cretaceous,  Camponian.  From  thin-bedded  groy- 
wncke  and  argillite  in  quarry  1  mile  south  of  Novato, 
Petaluma  quadrangle.  These  rocks  were  mapped  by 
Lawson  as  Franciscan  and  are  herein  questionably 
included    in    the    Franciscan. 


Figur 


DouviHeiceros  cf.  D.  mammi/Zofum 
(Schlotheim).  Lower  Cretaceous,  Albion.  From  Fron- 
ciscon  graywacke  on  the  south  side  of  the  Golden 
Gate,  San  Francisco.  Rubber  cast  of  specimen  figured 
by    Schlocker,    Bonilla,   and   Imlay   (1954). 


Figures  4-5.  Stereocidoris  boileyi  Fell.  Upper  C 
taceous.  From  Caleratype  limestone  in  Longw 
Canyon,   Los   Gates    quadrangle. 


Figures  6-10.  Buchio  piochii  (Gobb).  Upper  Juras- 
sic, Tithonian.  6  and  8.  Left  valve  of  specimen  from 
USGS  Mesozoic  loc.  M269.  From  sheor  zone  in  Fron- 
ciscan  rocks  in  Skoggs  quadrangle.  7,  9,  and  10. 
Left  and  right  valves  of  specimen  from  USGS  Meso- 
zoic loc.  M438.  From  limestone  nodule  in  Cretaceous 
conglomerate   on   Dry  Creek,   Skoggs  quadrangle. 


Figure  11.  Buchio  crass/co/Zis  (Keyserling).  Lower 
Cretaceous,  Valonginian.  Slab  containing  many  speci- 
mens from  USGS  Mezozoic  loc.  M439.  From  shole 
interbedded  with  conglomerate  on  Dry  Creek  that 
contained  the  reworked  fossil  listed  above.  These 
rocks  are  believed  to  be  a  part  of  the  Great  Valley 
sequence  that  Is  surrounded  by  Franciscan  rocks, 
which  ore  in  port  of  Late  Cretaceous  age.  Both 
Buchio  piochii  and  Buchio  crossrco//is  have  been  found 
in  Franciscan  rocks,  but  generally  specimens  are  not 
as  well   preserved  as  those  figured  here. 


Figure  12,  Inoceromus  /ob/ofus  (Schlotheim).  Up- 
per Cretoceous,  Turonian.  From  interbedded  Fran- 
ciscan shale  and  graywacke  in  Skoggs  quadrangle. 
This  locality  is  about  1  mile  from  the  rocks  that 
yielded  the  older  fossils  shown  as  figures  7,  9,  10, 
and   11. 
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Creek  in  the  Skaggs  quadrangle,  and  it  also  has  been 
found  below  thick  conglomerates  that  crop  out  along 
Dry  Creek  several  miles  to  the  north  (photo  67,  fig.  1). 
This  same  species  has  been  reported  by  Rose  (written 
communication,  1960)  to  occur  about  I  '/2  miles  south- 
west of  Occidental  in  the  Sebastopol  quadrangle,  and 
it  has  also  been  found  north  of  Novato  on  the  south- 
eastern slopes  of  Burdell  Mountain  in  the  Petaluma 
quadrangle,  and  east  of  Novato  just  below  the  Novato 
Conglomerate.  In  all  these  localities,  the  rocks  enclos- 
ing the  fossils  appear  to  be  of  miogeos\'nclinal  nature, 
and  thus  we  suspect  they  are  foreign  blocks  tectoni- 
callv  brought  into  juxtaposition  with  the  Franciscan 
rocks.  In  the  Mount  Tamalpais  quadrangle  small  speci- 
mens of  B.  cf.  B.  crassicollis  were  found  by  James  O. 
Berkland  along  U.S.  Highway  101  about  1  mile  north 
of  San  Rafael  (fig.  22,  no.  9)  in  rocks  of  Franciscan 
aspect,  and  a  cobble  of  limestone  bearing  B.  cf.  B. 
piochii  was  found  on  Muir  Beach  west  of  Mount 
Tamalpais  (Robert  L.  Rose,  oral  communication, 
I960). 

Inocercnmis  schmidti  Michael,  indicative  of  a  Late 
Cretaceous  (Campanian)  age  (photo  67,  fig.  12)  has 
been  found  in  thinly  bedded  argillite  at  two  localities, 
one  west  of  San  Rafael  and  one  about  a  mile  south 
of  Novato  (fig.  22,  no.  8).  These  rocks  \\ere  mapped 
as  Franciscan  by  both  Lawson  (1914)  and  Weaver 
(1949b)  and  are  included  with  the  Franciscan  on 
figure  1  of  this  report.  However,  as  no  volcanic  rocks 
are  known  to  occur  with  them,  and  their  relation  to 
the  surrounding  normal  Franciscan  rocks  has  not  been 
determined,  possibly  they  constitute  younger  infolded 
or  infaulted  masses  of  rocks  unrelated  to  the  Fran- 
ciscan. 

Southern  Coast  Ranges 

The  Franciscan  rocks  occurring  south  of  the  type 
area  have  yielded  few  fossils,  and  the  age  of  these 
rocks  has  been  established  paleontologically  in  onl\-  a 
few  places.  Ichthyosaur  snouts  that  were  found  in 
gravel  deposits  along  the  east  side  of  the  Diablo  Range 
(fig.  22,  no.  13)  and  described  by  Camp  (1942)  as 
Ichthyosatmis  frimciscmuis  are  of  either  Late  Jurassic 
or  Early  Cretaceous  age  (Camp,  1942,  p.  370).  In  the 
Stanley  A4ountain  area  (Nipomo  and  Branch  Mountain 
quadrangles)  east  of  San  Luis  Obispo  (fig.  22,  no.  14), 
Taliaferro  (1943a,  p.  197-199)  and  Easton  and  Imlay 
(1955)  have  recorded  Upper  Jurassic  fossils  said  to 
have  been  obtained  from  Franciscan  rocks.  According 
to  Taliaferro  (1943a,  p.  198),  "*  *  *  in  the  Nipomo 
and  Branch  Mountain  quadrangles  north  of  the  Cu- 
yama  River,  there  is  a  clear  and  unmistakable  example 
of  beds  with  typical  Franciscan  lithologic  character 
but  which  contain  fossils  supposed  to  be  characteristic 
of  the  Knoxville  as  exposed  along  the  west  side  of  the 
Sacramento  Valley."  These  beds  of  supposed  Fran- 
ciscan character  consist  of  black  siltstone  and  shale 
which  contains  thin  lenses  and  nodules  of  fossiliferous 
limestone,  together  with  a  thick  sequence  of  volcanic 


rocks  and  associated  chert  and  laminated  siliceous  shale. 
The  following  fossils  were  found  in  these  beds  north- 
west and  southwest  of  Stanley  Mountain  bv  Taliaferro 
and  identified  by  Crickmay  (Taliaferro,  1943a,  p.  198). 

Prototbininmniia  rezanoffiana  Crickmay 

Berriasclla  cf.  B.  calisto  (d'Orbigny) 

Stibstciiroceras  sp. 

Crioceras  sp. 

Bochhmites  sp. 

Phylloccras  sp. 

Lytoceras  sp. 

PachytcHthis?  sp. 

Ancella  terebratidoldes  Lahusen 

From  the  same  lithologic  unit,  but  from  localities 
several  miles  to  the  east  of  Taliaferro's  localities,  Easton 
and  Imlay  (1955,  p.  2339)  list  the  following  forms, 
among  others: 

Aiilacospbinctes?  sp.  juv. 

G onto c y Imdrites?  sp. 

AiJibcrleyci?  dillcri  Stanton 

T arbor'  sp. 

Procerithhnu  paskentacnsis  (Stanton) 

Aiicella  piochii  (Gabb) 

These  t\\"o  faunal  assemblages  provide  an  adequate 
basis  for  a  Late  Jurassic  age  for  the  Stanley  Mountain 
rocks,  but  the  relation  of  these  fossiliferous  rocks  to 
the  surrounding  Franciscan  rocks  remains  enigmatic. 
The  Franciscan  in  the  adjacent  Cuyama  River  gorge 
consists  mainly  of  graywacke,  greenstone,  and  meta- 
morphic  rocks,  all  of  which  are  structurally  much  de- 
formed. These  rocks  apparently  lack  fossils,  and  they 
probably  were  deposited  in  a  difl^erent  environment 
and  have  a  different  geologic  history  than  have  the 
Upper  Jurassic  fossiliferous  shales.  Because  of  these 
differences  it  seems  to  be  a  gross  oversimplification  to 
lump  both  units  as  Franciscan  simply  because  of  the 
presence  of  greenstone  and  chert  in  each.  It  appears 
possible  that  the  Upper  Jurassic  fossiliferous  beds  un- 
conformably  overlie  the  surrounding  Franciscan,  but 
additional  geologic  mapping  is  required  to  estal)lish 
their  relations. 

In  summary,  the  parts  of  the  Franciscan  that  con- 
tain fossils  can  be  assigned  to  ages  ranging  from  Late 
Jurassic  (Tithonian)  to  Late  Cretaceous  (Turonian) 
with  certainty,  and  perhaps  may  include  rocks  of 
Campanian  age.  Upper  Jurassic  and  Lower  Cretaceous 
megafossils  are  uncommon,  but,  except  for  localities  in 
shear  zones  west  of  Healdsburg,  they  have  been  found 
only  in  the  eastern  part  of  the  outcrop  belt  between 
the  north  end  of  the  Diablo  Range  and  Trinidad  Head. 
Upper  Cretaceous  megafossils  and  microfossils,  which 
arc  more  common,  arc  confined  to  a  w  estcrn  belt  ex- 
tending from  the  San  Jaun  Bautista  quadrangle  north- 
ward to  the  Garberville  quadrangle.  No  reliable  pale- 
ontologic  data  are  available  for  the  Franciscan  west  of 
the  Nacimiento  fault,  although  fossils  of  undoubted 
Late  Jurassic  age  found  in  the  Stanley  Mountain  area 
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Figure   23.      Correlation   of   upper   Mesozoic    rocks   of   the    Coast  Ranges,  Great  Valley,  Klamath  Mountaii 


are  regarded  bv  some  as  occurring  in  rocks  that  they 
regard  as  Franciscan. 

COEVAL  MIOGEOSYNCLINAL   ROCKS  OF   THE 
GREAT  VALLEY  AND  COAST   RANGES 

The  recognition  of  Lower  and  Upper  Cretaceous 
fossils  in  Franciscan  rocks  made  untenable  the  widely 
accepted  pre-Knoxville  age  for  all  of  the  Franciscan 
Formation,  and  it  also  brought  about  the  recognition 
(Irwin,  1957)  of  the  fact  that  in  western  California 
there  are  two  different  thick  sequences  of  rocks  of 
Late  Jurassic  to  Late  Cretaceous  age  (fig.  23).  One 
of  these  is  the  eugeosynclinal  Franciscan;  the  other  is 
a  miogeos\nclinal  assemblage  consisting  chiefly  of 
sedimentary  rocks  whose  character  indicates  deposi- 
tion on  the  continental  shelf  and  slope.  As  the  latter 
sequence  is  thickest  and  best  exposed  in  the  western 
part  of  the  Great  Valley,  it  is  herein  referred  to  as  the 
Great  Valley  sequence,  though  it  is  not  limited  to  this 
valley.  Our  subsequent  discussions  of  the  environment 
and  origin  of  the  Franciscan  eugeos\nclinal  assemblage 
necessarily  involves  a  consideration  of  the  miogcosyn- 
clinal  Great  \'allcy  sequence,  so  as  background  for  the 


reader  a  brief  sketch  of  the  character  and  distribution 
of  these  rocks  is  provided  in  the  following  paragraphs. 

.Miogeos\'nclinal  rocks  of  the  Great  Valley  sequence 
have  an  aggregate  thickness  of  40,000  feet  or  more, 
with  the  maximum  thickness  occurring  along  the  west- 
ern margin  of  the  valle>-.  They  are  predominantly 
clastic  and  comprise  an  enormous  volume  of  sandstone, 
conglomerate,  and  shale.  Carbonate  rocks  are  rare  and 
consist  mainly  of  thin  lenticular  beds  and  concretion- 
ar\-  masses.  Other  chemicall\-  deposited  rocks  are  ab- 
sent, except  for  minor  amounts  of  chert  locally  present 
in  the  lowest  part  of  the  sequence.  This  miogeosyncli- 
nal  sequence  differs  in  several  wavs  from  the  partly 
coeval  Franciscan  eugeosynclinal  rocks,  and  these  dif- 
ferences are  summarized  in  table  18.  In  brief,  the  Great 
Valley  sequence  differs  from  the  Franciscan  in  nearly 
lacking  greenstone  and  associated  limestone  and  chert 
deposits,  in  having  a  higher  proportion  of  fine-grained, 
shaly  rocks,  in  having  sandstone  beds  which  are  gen- 
erallv  more  uniformly  and  more  thinly  bedded,  and  in 
having  a  greater  percentage  of  conglomerate,  many 
more  fossils  (pi.  2),  and  much  less  structural  de- 
formity. 

The  miogcosynclinal  rocks  have  received  their  most 
intensive  study  along  the  western  margin  of  the  Great 
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Table  IS.    Cmnparison  of  the  Franciscan  eugeosyticlinat  assemblage  and  the  miogeosynclinal  Great  Valley  sequence. 


Franciscan 
Eugeosynclinal 

Great  Valley  sequence 
Miogeosynclinal 

LITHOLOGY 

Graywacke,  predominant,  both  feldspathic  and  vol- 
canic varieties  throughout.  Chlorite  cement  pre- 
dominates. 

Graywacke,   predominant  in  only  parts  of  section, 
both    feldspathic    and    volcanic    in    lower    %    of 
section,  arkosic  sandstone  more  abundant  in  upper 
yi.  Chlorite,  clay,  or  locally  calcite  cement. 

Shale 

Large    proportion    of    fine    mineral    grains,    micro- 
graywacke.    Minor    amount,    and     few    sections 
predominantly  shale. 

Abundant,  and  locally  forming  more  than  half  of  thick 
section.     Apparently     higher     quantity    of     clay 
minerals  in  shale  and  mudstone. 

Rare,  generally  in  small  lenses. 

Generally  present,  and  locally  in  very  thick  lenses. 

Volcanic  rocks  and  chert 

Common  in  most  areas. 

Absent  except  in  lower  part  of  the  Knoxville  For- 
mation. 

Associated  with  volcanic  rocks. 

shale  sequences. 

Glaucophane  schist,  jadetized  graywacke,  and  others 
widespread. 

Some  zeolites  in  lowest  part. 

Widespread  intrusives;  sedimentary  serpentine  un- 
known. 

Intrusives  only  in  lower  part  of  the  Knoxville  For- 
mation; sedimentary  serpentine  locally  in  Lower 
Cretaceous  rocks. 

THICKNESS... 

50,000 '-I- 

40,000' 

SEDIMENTARY  FEATURES 

Highly  variable;  beds  ranging  in  thickness  from  less 
than  an  inch  to  more  than  a  few  tens  of  feet. 

Thinly  bedded,  rhythmic  alternations  of  sandstone 
and  shale  common,  with  more  massive  sandstone 
lenses    interbedded.    Beds    generally    have    great 
continuity. 

Virtually  unknown   in   most  areas;   present  east  of 
Mount  Hamilton. 

Channeling  and  cut-and-fill  structures  in  upper  part 
of  sequence.  Ripple  marks  rare. 

Unknown. 

Slump  structures  and  convolute  bedding  common. 

Turbidity  current  features 

Graded  bedding  present  in  only  a  few  areas.  Sole 
markings  very  rare. 

Graded  beds  and  sole  markings  common  in  Sacra- 
mento Valley. 

FOSSILS 

Megafossils  very  rare;  microfossils  common  in  chert 

and  limestone,  rare  elsewhere. 
Organic  tracks  and  trails  virtually  unknown. 

Megafossils  locally  abundant;  microfossils  common 

in  Cretaceous  rocks. 
Organic  tracks  and  trails  common. 

DEFORMATION 

Highly    compacted,    broken    and    sheared;    overall 
structure  complex  but  unknown  in  detail. 

Moderately  to  slightly  compacted,  some  faults  with 
minor  displacement,  open  folds. 

DEPOSITIONAL  ENVIRON- 
MENT. . 

Marine,     probably     deep     water     and     dominantly 
bathyal;    deposition    by    turbidity    currents    and 
fluxoturbidity  currents. 

Marine,  upper  neritic  on  east  side  of  Sacramento- 
San  Joaquin  Valley  grading  to  deep  water  on  west 
side   for   much   of   the   post-Sar/n'a-bearing   part. 
Deposition  of  eastern  rocks  by  traction  currents 
and  western  rocks  in  part  by  turbidity  currents. 

Valley,  and  here  geologic  mapping  has  advanced  to 
the  point  where  the  general  distribution  of  lithologic 
types  and  their  age  relations  are  fairly  well  known.  As 
yet,  howe\er,  no  all-inclusive  stratigraphic  nomencla- 
ture has  been  developed,  chiefly  because  rapid  lithic 
changes  along  strike  prohibit  the  widespread  applica- 
tion of  formational  names.  In  the  authors'  opinion, 
.such  stratigraphic  names  as  the  Kno.wille  Formation, 
Shasta  Series,  and  Chico  Formation  or  Group  (fig.  1), 
which  have  been  widely  applied  both  in  the  valley  and 
throughout  California,  are  based  mainly  on  faunal, 
rather  than  on  lithologic  criteria;  they  are  not  accept- 
able rock-stratigraphic  units.    The  Shasta  Series  and 


Chico  Group  are  synonymous  with  Lower  and  Upper 
Cretaceous  and  are  not  used  in  this  report.  The  Knox- 
ville "Formation"  refers  to  Late  Jurassic  Bitchia  piochii 
beds  of  the  Coast  Ranges. 

Upper  Jurassic  (Knoxville)  Rocks 
Sacrmnento  Valley.  The  name  "Knoxville  Beds" 
was  first  applied  by  White  (188.^,  p.  19)  to  Buchla 
(=  ^?/cc//^) -bearing  beds  of  the  Knoxville  mercury 
district  in  the  Morgan  Valley  quadrangle.  Later  stud- 
ies, mainly  by  Anderson  in  the  Sacramento  Valley 
(1902;  1933a,  b,  c;  1945),  resulted  in  restriction  of  the 
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Photo   68.      Hogback  ridges  f 
Ranges   to   the    west.    Rocks 


cks  of  the  Great  Valley  sequence    along    the    west   edge   of   the    Sacramento    Valley 
und    ore    Franciscan    phyllite    and    serpentine. 


name  Kno.wille  to  the  lower,  B.  piochii-bcaring  por- 
tion, of  presumed  Late  Jurassic  (Tithonian)  age,  and 
the  application  of  the  name  "Paskenta"  to  beds  of  the 
upper,  B.  cmssicollis-hcaring  portion  of  Early  Creta- 
ceous age.  This  subdivision  was  based  strictly  on 
faunal  differences,  and  proper  recognition  of  either  of 
these  units  depends  on  faunal  criteria  rather  than  on 
lithology. 

Upper  Jurassic  rocks  of  the  Sacramento  \'alley  (fig. 
24,  2)  aggregate  nearly  16,000  feet  of  shale,  thin- 
bedded  sandstone,  massive,  lenticular  conglomerate, 
and,  locally,  pebbly  mudstone  (Anderson,  1933a,  pi.  3; 
Crowell,  i957,  p.  995-998).  The  lower  part  of  the 
section  in  some  places  contains  volcanic  flows,  tuff 
beds,  and  chert  (Taliaferro,  1943a,  p.  210;  Lawton, 
1956,  p.  56;  R.  D.  Brown,  oral  communication,  1960); 
these  arc  well  developed  in  the  Ston\ford  and  Wilbur 
Springs  quadrangles.  The  upper  4,000  to  5,000  feet  of 
Kno.wille  strata  are  abundantly  fossiiifcrous  and  con- 
tain many  specimens  of  Biichia  piochii  (Gabb)  and 
related  aucellan  forms,  as  well  as  several  species  of 
belemnites,  Inoceranms,  and  ammonites;  the  lower  part 


is  much  less  fossiiifcrous.  The  fossil  assemblage  is  in- 
dicative of  a  fairly  shallow-water  marine  environment. 

In  the  Wilbur  Springs  and  Morgan  Valley  quad- 
rangles, Lawton  (1956)  mapped  over  8,500  feet  of 
Upper  Jurassic  sedimentary  rocks  consisting  mainly 
of  shale  and  mudstone  witli  minor  amounts  of  sand- 
stone and  conglomerate.  The  upper  several  thousand 
feet  of  beds  are  shale  with  a  minor  amount  of  sand- 
stone (sandstone-shale  ratio  about  0.25)  and  numerous 
fossiiifcrous  limestone  concretions  and  limestone  len- 
tils up  to  10  feet  thick  and  several  hundred  feet  long. 
In  the  middle  and  lower  parts  of  the  section  sandstone 
is  more  abundant  (sandstone-shale  ratio  near  1),  and 
it  occurs  rh\thmically  interbedded  with  shale.  The 
lower  1,500  to  2,000  feet  consist  of  interbedded  pillow 
basalts,  massive  basalts,  basalt  breccias,  graywacke 
sandstone,  limey  shale,  and  minor  amounts  of  chert  and 
limestone. 

Conglomerate  is  not  abundant  in  the  Upper  Jurassic 
rocks  near  Wilbur  Springs,  but  minor  amounts  occur 
in  the  lower  part  of  the  section.  For  tiie  most  part, 
these  conglomerate  lentils  contain  pebbles  of  chert  and 
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view  to  the  north-northeast  from  a  point  over  the 
s  of  the  Great  Valley  sequence.  Wilbur  Springs  is 
ir  Valley,  while  Sacramento  Valley  is  in  the  distant 
Cretaceous  strata;  smaller  ridges  from  there  to  Be 
ter  foreground  is  Upper  Jurassic  (Knoxville)  rock. 
n\\\    light   areas    in    foreground    being    Great    Valley    sequence 


rush 
ocks 


ercury  mine,  Wilbur  Springs  quadrangle,  showing  hogbacks  formed 
I  in  the  foreground  near  the  right  edge  of  the  photograph;  valley 
St    ridge    extending    from    right    edge    only    half    way    across    picture 

ore  Lower  Cretaceous  rocks;  and  between  Bear  Valley  and  brush 
/ered    ridge    is    serpentine    and    Franciscan    rocks    in    the    core    of   an 

the   near  flank   of  the  fold. 


dark  volcanic  porphyries,  but  in  at  least  one  locality 
granitic  debris  is  abundant. 

Upper  Jurassic  sandstones  are  highly  variable  in 
composition,  but  all  tend  to  be  poorly  sorted  and  to 
contain  angular  grains.  Quartz  content  reported  b\- 
Lawton  ranges  from  10  to  50  percent;  feldspar  aver- 
ages 20  to  25  percent,  and  lithic  fragments,  including 
chert,  range  from  10  to  about  40  percent. 

vSource  areas  for  Knoxville  sediments  have  not  been 
positively  identified,  but  presumably  the  bulk  of  the 
sediments  w  as  derived  from  the  Sierra  Nevada  to  the 
east  and  the  Klamath  Mountains  to  the  north.  Stud\- 
of  current-produced  sedimentary  structures  in  the  Salt 
Creek-Grindstone  Creek  area  (Elk  Creek  quadrangle) 
gives  support  to  a  Klamath  source,  as  these  structures 
show  that  currents  came  from  a  quadrant  between 
north-northeast  and  north-northwest  (Crowell,  1957, 
p.  995).  No  evidence  is  available  to  indicate  that  an 
important  source  area  lay  to  the  west  of  the  Sacra- 


mento \'alle\'.  The  northern  limit  of  Upper  Jurassic 
rocks  is  not  known  positively,  but  no  definite  Jurassic 
fossils  have  been  found  in  the  Great  \'alle\'  sequence 
north  of  the  north  fork  of  Elder  Creek  in  the  Cohear 
Springs  quadrangle. 

San  ]oaqinn  Valley.  Biichia  piochii-beav'mg  sedi- 
mentary rocks  are  locally  present  in  the  San  Joaquin 
\'alle\-  and  are  usually  referred  to  as  the  Knoxville 
Formation.  At  no  place  within  this  area,  however,  do 
these  beds  approach  the  thickness  found  to  the  north 
in  the  Sacramento  \'alley.  In  the  vicinity  of  IVlount 
Diablo,  Taff  ( 1935,  p.  10H6-I087)  reports  the  presence 
of  about  2,000  feet  of  "dark  clay  and  limey  shales  with 
variable  lenticular  strata  of  limestone  and  concretions 
of  lime,  sandv  lime  and  ferruginous  clay."  These  beds 
are  overlain  by  or  include  an  unknown,  but  probably 
small,  thickness  of  shale  and  sandstone  which  contains 
B.  crassicollis.  Farther  south  in  the  Tesla  quadrangle. 
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Photo   70.      Thin-bedded    graywacke    and    shale    in    upper    part    of    Venodo    Formation    (Late    Cretaceous,    Turonian)    near    Mont 
Highway    128,   Capay   quadrangle.    Hat    in    lower   left   gives    scale. 


Dana  Clark  collected  several  specimens  of  B.  piocbii 
from  a  thin  sliver  of  Upper  Jurassic  rocks  in  fault 
contact  with  the  Franciscan  south  of  Corral  Hollow 
(U.S.G.S.  iMes.  loc.  M1014).  In  the  Pacheco  Pass 
quadrangle,  Fred  Schilling  and  others  have  collected 
B.  piochii  as  well  as  B.  crassicollis  from  a  300-foot 
thick  shale  unit  overlying,  or  in  fault  contact  with, 
Franciscan  volcanic  and  metamorphic  rocks,  and 
which  in  turn  is  overlain  by  massive  conglomerates 
of  Late  Cretaceous  age  (Schilling,  oral  communication, 
1960).  Similar  occurrences  of  a  few  hundred  feet  of 
B?/r/.iw-bearing  sandstone  and  shale  are  known  in  the 
Priest  X'allcv  quadrangle  west  of  Coalinga,  in  the 
Panoche  quadrangle  south  of  Panoche  Pass  (Enos, 
1963),  and  in  the  Orchard  Peak  area,  20  miles  south- 
east of  Parkfield  (Marsh,  i960).  In  the  latter  place, 
the  Upper  Jurassic  and  Lower  Cretaceous  fossils  are 
intricately  mixed  with  Upper  Cretaceous  fossils,  so 
their  stratigraphic  significance  is  as  yet  unknown. 

Sivi  Francisco  Bay  area.     A  narrow  belt  of  Upper 
Jurassic  rocks  forms  part  of  the  foothills  along  the 


east  side  of  the  San  Francisco  Bay  from  Berkeley  to 
south  of  San  Jose.  The  dominant  lithic  types  consist 
of  thin-bedded  gray  shale  and  siltstone  with  minor 
amounts  of  sandstone  and  conglomerate.  The  total 
thickness  is  not  known,  but  in  the  Hayward  quad- 
rangle, Robinson  (1956)  reports  a  lower  sandstone- 
shale-conglomerate  sequence  500  to  1,000  feet  thick 
that  grades  upward  into  a  predominantly  shale  se- 
quence 1,500  to  2,500  feet  thick.  This  shale  unit  also 
contains  thin  sandstone  beds  and  abundant,  loaf- 
shaped,  fossiliferous  lentils  of  brownish-gray  fine- 
grained limestone.  Farther  south  in  the  Mount  Hamil- 
ton quadrangle,  Crittenden  (1951)  reports  an  un- 
known thickness  of  dark-gray,  thin-bedded  fossilifer- 
ous shale  which  contains  a  sill  of  altered  andesite. 

In  several  places,  notably  in  Berkeley  and  in  the 
Ha\ward  quadrangle,  these  Upper  Jurassic  rocks  are 
reported  to  rest  unconformably  on  more  deformed 
volcanic  rocks  assigned  to  the  Franciscan  (Robinson, 
1956).  For  the  most  part,  these  volcanic  rocks  consist 
of  keratophyre  and  quartz  keratophyre  and  probably 
arc  correlative  with  the  volcanics  found  along  the  east 
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Photo   71.      Eastward    dipping    Knoxville    shale 


Stonyford-Elk    Creek    rood,   thr. 


rth   of  Stonyford,   in   Stonyford   quadrangle. 


side  of  the  Diablo  Range  in  Del  Puerto  Canyon  (Alad- 
dock,  1955)  and  near  Panoche  Pass  (Enos,  1963). 

Upper  Jurassic  rocks,  indicated  by  the  presence  of 
Bttchia  piochii,  have  been  reported  from  Stevens  Creek 
in  the  Palo  .\lto  quadrangle  (Branner,  Newsom,  and 
Arnold,  1909,  p.  3).  We  have  been  unable  to  rediscover 
this  locality  so  cannot  verify  this  reported  occurrence. 

Southern  Coast  Rajiges.  In  the  southern  Coast 
Ranges,  west  of  the  Nacimiento  fault,  Btichia  piochii- 
bearing  beds  are  widely  distributed  from  the  Santa 
Ynez  Mountains  north  of  Santa  Barbara,  northwest- 
ward to  the  vicinity  of  San  Simeon  (San  Simeon  quad- 
rangle). In  the  San  Luis  quadrangle,  this  species  was 
obtained  from  dark  shale  and  thin-bedded  sandstone 
which  was  mapped  by  Fairbanks  (1904)  as  the  Toro 
Formation.  This  unit,  which  is  over  3,000  feet  thick, 
also  contains  B.  criissicollis  of  Valanginian  age,  as  was 
pointed  out  by  Taliaferro  (1944,  p.  459)  who  aban- 
doned the  name  Toro,  regarded  the  Jurassic  portion  as 
part  of  the  Franciscan-Knoxvillc  Croup,  and  named 
the  Cretaceous  portion  the  Marmolejo  Formation. 


Lower  Cretaceous  (Valanginian)  Rocks 

Distribution  of  shelf  and  slope  deposits  consisting  of 
conglomerate,  sandstone,  and  shale,  characterized  by 
the  presence  of  Biichia  crassicollis  of  X'alanginian  age, 
is  essentially  the  same  as  that  of  the  Upper  Jurassic 
rocks  (fig.  24,  3).  In  only  one  place,  in  the  northwest 
portion  of  the  Sacramento  V'alley,  is  the  distribution 
of  the  two  at  variance.  In  this  region,  Jurassic  fossils 
have  been  found  only  as  far  north  as  North  Fork  of 
Elder  Creek  in  the  Col\"ear  Springs  quadrangle.  Upper 
Jurassic  beds  probably  continue  farther  to  the  north, 
but  at  Beegum,  in  the  Chanchelulla  Peak  quadrangle, 
rocks  of  Haiiterivian  age  rest  directly  on  metamor- 
phic  rocks  of  the  Klamath  .Mountains  (R.  W.  Inilay, 
written  communication,  1961).  The  absence  of  Biicbia- 
bearing  beds  at  Beegum  apparcnth'  represents  a  trans- 
gression upon  the  Klamath  .Mountains  which  carried 
the  F,arl\-  Cretaceous  shorelines  farther  to  the  north 
than  during  Late  Jurassic  time. 

Elsewhere  within  the  Sacramento  and  San  Joaquin 
\'alleys,   in   the   Diablo   Range,   in   the   Santa   Lucia 
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Photo  72.      Aerial   view  of   strata   of   the   Great  Valley    sequence   as   seen   from    a     point    above    the    Monticello    dam.     Lake     Burryeisa     quadrangle. 

Peak    circled    is    Berryesso  Peak,    and   valley    in    upper    right    is    Copoy    Valley.    Nearly    all    of    the    rocks    ore    part    of    on    Upper    Cretaceous    section 

about    15,000    feet    thick,  ranging    from    the    Venado    Formation    at    Berryesso    Peak  to   the  Guindo    Formation   at   extreme   right   and    beneath   Capay 
Valley. 


Range,  in  the  vicinity  of  San  Francisco,  and  in  the 
southern  part  of  the  northern  Coast  Ranges,  the  two 
species  of  Biichia  commonly  occur  in  normal  strati- 
graphic  sequence  without  an  intervening  change  in 
lithology  or  an  erosional  surface  to  mark  the  Jurassic- 
Cretaceous  boundary. 


This  similarity  in  distribution  of  B.  piochii-beivmg 
beds  and  B.  crassicollis-hea.nng  beds  argues  against  an 
unconformity  separating  the  two  as  has  been  proposed 
by  Taliaferro  (1944,  p.  457),  and  Imlay  (1959,  fig. 
36),  and  Popcnoe,  Imlay,  and  Murphy  (1960,  p.  1504- 
1505).  The  absence  in  California  of  a  Berriasian  and 
lower  X'aianginian  fauna,  such  as  is  known  from  Alaska 
and  parts  of  northern  Canada,  is  puzzling,  and  lack  of 
strata  of  these  ages  is  one  reasonable  e.xplanation. 
How  ever,  detailed  mapping  in  the  Sacramento  \'alley, 
by  geologists  of  the  U.S.  Geological  Survey  and 
Stewart  Chuber,  has  failed  to  show  the  presence  of 
an  unconformity  or  a  lithologic  break  between  beds 
containing  B.  piocbii  and  those  containing  B.  crassicol- 


Photo  73.  Flute  casts  and  current  lineoti. 
surface  of  sandstone  beds  of  the  Sites  Forma 
sequence.  Roodcut  on  south  side  of  Californi 
2V2  miles  north  of  Rumsey,  Morgan  Valley  qu 
O/alongos). 
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lis  (oral  communication,  R.  D.  Brown,  Jr.,  1961).  Like- 
wise, this  work  has  failed  to  support  the  oft-quoted 
contention  that  these  two  species  commonly  occur 
together;  in  no  instance  was  this  found  to  be  the  case, 
but  rather,  these  species  were  always  separated  by  at 
least  a  few  hundred  feet  of  generally  unfossiliferous 
strata.  Perhaps  this  intervening  barren  section  repre- 
sents the  "lost"  Berriasian  and  lower  Valanginian 
Stages  but  additional  careful  searching  for  fossils  is 
necessar\'  to  assess  such  a  view.  Another  possibility, 
that  B.  piochii  ranges  up  in  the  lower  part  of  the  Cre- 
taceous, cannot  be  discounted;  undoubtedly  Jurassic 
ammonites  do  occur  with  this  species  (see  Anderson, 
1945),  but  the  stratigraphic  distribution  of  these  forms 
is  poorly  known. 

A  thick  sequence  of  sedimentary  rocks  similar  to 
those  of  the  Great  Valley  sequence  is  exposed  along 
Dry  Creek  west  of  Geyserville  and  extends  southeast 
to  the  vicinity  of  Healdsburg.  These  rocks  consist  of 
a  lower  unit  of  fossiliferous  shale  overlain  by  a  thick 
member  of  conglomerate  and  graywacke.  Many  speci- 
mens of  B7ich/a  crassicolUs  have  been  found  in  the 
shale  as  \\ell  as  a  few  specimens  of  B.  piochii,  but  the 
latter  appear  to  have  been  reworked.  Gealcy  (1951) 
termed  the  lower  shale  unit  the  Knoxville  Formation 
of  Late  Jurassic  age  and  assigned  the  conglomerate  to 
the  Cretaceous.  Part  of  his  evidence  for  a  Late  Jurassic 
age  for  the  shale  was  based  on  an  ammonite  identified 
as  Berriasella  storrisi  (Stanton),  collected  from  a  low- 
ridge  northeast  of  Fitch  Mountain  (Healdsburg  quad- 
rangle) and  known  elsew  here  in  rocks  of  Late  Jurassic 
age.  A  plaster  cast  of  this  specimen  was  examined  by 
R.  W.  Imlay  (written  communication  to  Jones,  1960) 
who  stated  that  it  seemed  to  be  most  similar  to  the 
Valanginian  ammonite  Thtinjjaiiiiiccras  stippi  (Ander- 
son). Thus,  it  appears  that  most  of  these  rocks  along 
Dry  Creek  are  of  Cretaceous  age. 

A  thick  conglomerate  similar  to  the  conglomerate 
along  Dr\'  Creek  is  exposed  on  Ward  Creek  (Skaggs 
quadrangle)  several  miles  to  the  south.  B.  crassicolUs 
occurs  near  both  the  top  and  base,  and  this  unit  is 
correlative  with  the  Dry  Creek  rocks. 

The  entire  belt  of  sedimentary  rocks  exposed  on 
Dry  Creek  differs  markedly  from  the  surrounding 
Franciscan  rocks;  this  difference  is  seen  particularly 
in  the  lack  of  greenstone,  chert,  serpentine,  and  meta- 
morphic  rocks,  in  the  abundance  of  fossils,  and  in  the 
less  structurally  deformed  nature  of  the  Dry  Creek 
rocks.  The  Franciscan  rocks  and  the  Dry  Creek  rocks 
are  in  fault  contact,  and  as  it  appears  that  at  least 
some  of  the  Franciscan  is  younger,  it  is  difficult  to 
explain  the  profound  differences  between  the  two  ad- 
jacent assemblages. 

Lower  Cretaceous  (Houterivian  to  Albion)  Rocks 

Sacramento  Valley.  Rocks  ranging  in  age  from 
Hautcrivian  to  late  .Albian  are  widely  distributed  along 
the  western  margin  of  the  Sacramento  \"alley,  but 
they  do  not  occur  along  the  eastern  side  (fig.  24,  4). 


In  the  Ono  area,  southwest  of  Redding,  beds  of  these 
ages  are  abundantly  fossiliferous  and  have  received 
intensive  study  (Anderson,  1938;  Murphy,  1956).  Fos- 
sils are  much  less  abundant  in  correlative  rocks  farther 
south;  apparently  this  scarcity  in  fauna  reflects  deposi- 
tion in  water  too  deep  to  permit  the  development  of  a 
prolific  shelly  fauna. 

In  the  Ono  area.  Murphy  (1956)  has  mapped  two 
Lower  Cretaceous  units:  a  lower  unit,  the  Rector  For- 
mation, which  consists  of  20  to  400  feet  of  sandstone, 
conglomerate,  and  mudstone  resting  unconformably 
on  igneous  and  metamorphic  rocks  of  the  Klamath 
Mountains;  and  an  upper  unit,  the  Ono  Formation, 
which  consists  of  about  4,200  feet  of  mudstone,  silt- 
stone,  conglomerate,  graywacke,  and  limestone.  Mud- 
stone and  siitstone  predominate,  and  graywacke  and 
conglomerate  are  mainly  confined  to  two  large  tongues 
in  the  lower  and  middle  parts  of  the  formation.  Lime- 
stone occurs  almost  entirely  as  thin,  lenticular  beds  and 
rounded  or  oval,  concretionary  masses. 

Farther  to  the  south,  in  the  Wilbur  Springs  quad- 
rangle, rocks  of  Hauterivian  to  Albian  ages  are  much 
thicker,  with  an  aggregate  thickness  of  nearly  17,000 
feet.  These  rocks  also  have  here  a  higher  percentage  of 
sandstone  and  conglomerate  (sandstone  shale  ratio 
about  0.65,  although  this  value  is  highl\-  variable  o\\  ing 
to  pronounced  local  thinning  of  units  and  rapid  facies 
changes).  In  man\-  parts  of  the  section,  sandstone  and 
shale  are  rh>thmicall}'  interbedded,  and  the  sandstone 
exhibits  graded  bedding,  horizontal  continuity  of  thin 
individual  beds,  and  various  types  of  sole  markings 
suggestive  of  deposition  by  turbidity  currents. 

San  Joaquin  Valley  and  Diablo  Range.  Paleonto- 
logic  evidence  for  the  presence  of  rocks  ranging  in 
age  from  Hautcrivian  to  Aptian  in  the  San  Joaquin 
Valle\-  and  Diablo  Range  is  completely  lacking,  and  it 
seems  probable  that  beds  of  these  ages  either  were  not 
deposited  or  were  removed  by  erosion  prior  to  deposi- 
tion of  Upper  Cretaceous  rocks  throughout  most  of 
this  area.  One  possible  exception  may  be  in  the  Priest 
\'allc\'  c]uadrangle  where  a  thick  sequence  of  rocks 
overlies  Bz/^'/.i/'ir-bearing  beds  and  in  turn  is  overlain  b\ 
Lfpper  Cretaceous  rocks,  but  no  fossils  have  been 
found  in  this  section  to  substantiate  a  Hautcri\ian  to 
Aptian  age. 

Thin  deposits  of  Albian  age  are  present  in  a  few 
places,  notabl\'  in  Curry  Canyon  on  the  southeast  side 
of  Mount  Diablo,  on  the  south  side  of  Corral  Hollow- 
in  the  Tesla  quadrangle,  in  the  Hospital  Can\-on  region 
in  Carbona  quadrangle,  and,  possibly,  in  the  Coalinga 
area  (S.  W.Mullcr,  oral  communication,  1961).  Re- 
\\-orkcd  Albian  ammonites  occur  in  boulders  in  a  con- 
glomerate near  the  base  of  the  Panoche  Formation  in 
the  Panoche  \'alle\-  quadrangle  (Pa\"ne,  1960,  fig.  5), 
but  strata  of  this  age  are  not  known  to  crop  out 
nearb\-.  The  Hospital  Can\-on  locality-  is  the  best 
known  and  most  fossiliferous  of  the  San  Joaquin  \'al- 
Icy  Albian  deposits;  these  rocks  consist  of  siitstone. 
shale,  and  interbedded  concretionarv,  lenticular  sand- 


19641 


Franciscan  of  Western  California 


133 


Photo  74.  Aerial  vi 
looking  south  from  a  p 
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V  of  strata  of  the  Great  Valley  sequence  forming  the  Voco  Mountains, 
nt  about  4  miles  north  of  the  Monticello  dam.  Great  Volley  in  backgrou 
lilh    some    lower    Tertiary    strata    at    upper    left    beyond  narrow  Vaca  Valley. 
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Stone  which  has  \ielded  many  specimens  of  ammo- 
nites, peiecypods,  and  woody  debris.  These  rocks  are 
ill  fault  contact  with  Franciscan(?)  volcanic  rocks— 
and  are  overlain  disconforniabl\'  (oral  communication, 
iMarshall  Maddock,  1961)  by  beds  of  Late  Cretaceous 
(Coniacian)  age.  South  of  Hospital  Canyon  in  the 
iMount  Boardman  quadrangle,  Albian  deposits  arc  ap- 
parentl\-  missing  as  .Maddock  has  collected  Turonian 
fossils  from  shale  only  a  few  hundred  feet  above 
Bz/c/.iw-bearing  shale  of  Late  Jurassic  age.  The  Wise- 
nor  Formation  of  Briggs  (195.^a)  which,  in  the  Or- 
tigalita  Peak  quadrangle,  is  supposed  to  lie  unconform- 
abh'  bclo\\  the  Panochc  Formation,  also  may  be  of 
Albian  age,  although  no  reliable  paleontologic  data  is 
available. 

Southern  Coast  Ranges.  In  the  southern  Coast 
Ranges,  rocks  of  Hauterivian  to  Albian  ages  have  not 
been  positively  identified,  but  rocks  of  Hauterivian 
age  ma\-  be  present.  The  Jack  Creek  Formation  of 
Taliaferro  (1944,  p.  475,  table  1),  in  the  Adclaida  and 
San  Simeon  quadrangles,  was  thought  by  him  to  be  of 


Cenomanian  and  Turonian  ages,  but  it  is  probably  of 
Earh'  Cretaceous  age.  The  presence  of  belemnites  in 
this  formation  is  fairly  good  evidence  for  an  Early 
Cretaceous  age,  as  belemnites  are  completely  unknown 
from  Upper  Cretaceous  strata  of  California  (Popenoe 
and  others,  1960,  p.   1520). 

Upper  Cretaceous  Rocks 
Sacramento  Valley.  Upper  Cretaceous  rocks  crop- 
ping out  along  the  west  side  of  the  Sacramento  Valley 
comprise  15,000  feet  or  more  of  interbedded  sandstone 
and  shale  and  minor  amounts  of  conglomerate  (fig.  24, 
parts  5  and  6).  Along  the  eastern  side  of  the  valley, 
Upper  Cretaceous  rocks  are  thinner,  and  from  west  to 
east  successively  younger  rocks  progressively  overlap 
the  basement  rocks.  At  Chico  Creek,  on  the  eastern 
margin  of  the  valley  in  the  Paradise  quadrangle,  only 
a  few  thousand  feet  of  sandstone,  siltstone,  and  con- 
glomerate, ranging  in  age  from  Coniacian  to  Campan- 
ian,  are  exposed  (Saul,  1961,  fig.  between  p.  21  and 
22). 
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Photo   75.      Pebbly    mudstone    with    disploced    blocks    of    interbedded    sandstone  and  shale,  at  base  of  Venado  Formation  (Late  Cretaceous,  Turonion) 
ear  Monticello   Dam   on   State    Highway    128,   Capay   quadrangle. 


The  Upper  Cretaceous  rocks  in  the  southwestern 
part  of  the  Sacramento  Valley  were  subdivided  into 
the  following  six  formational  units  by  Kirby  (1942, 
1943):  Venado,  Yolo,  Sites,  Funks,  Guinda,  and 
Forbes  Formations.  Other  formations,  younger  than 
those  of  Kirby,  are  known  only  in  subsurface  and  have 
received  informal  names.  Lawton  (1956)  has  mapped 
in  detail  the  Upper  Cretaceous  rocks  of  adjacent  parts 
of  the  Wilbur  Springs  and  Morgan  Valle>'  quadran- 
gles, and  most  of  the  following  information  is  taken 
from  his  work.  The  lowest  Upper  Cretaceous  forma- 
tion, of  Cenomanian  age,  was  named  "Antelope  Shale" 
by  Taliaferro  (19.54),  although  this  name  was  preoc- 
cupied. This  unit  coasists  of  4,500  to  5,200  feet  of  dark 
shale,  siltstone,  and  sandstone,  with  shale  greatly  pre- 
dominating. Sandstone  occurs  mainly  in  thin  beds 
rhythmically  interbedded  with  shale. 

In  the  Ladoga  quadrangle,  west  of  Willows,  Brown 
and  Rich  (1960)  reported  the  presence  of  large  lenses 
of  slumped  material  near  the  base  of  Kirby's  Venado 
Formation  in  rocks  equivalent  to  the  upper  part  of  the 
"Antelope  Shale."  These  lenses  contain  large  blocks  of 


reworked  sedimentary  rocks  as  well  as  boulders  of 
quartz  diorite.  Albian  fossils  are  also  common  in  these 
lenses,  and  the  presence  of  these  fossils,  several  thou- 
sand feet  stratigraphicallv  above  Cenomanian  fossil 
localities,  has  resulted  in  various  misconceptions  con- 
cerning details  of  the  local  structure  and  stratigraphic 
sequence. 

The  overlying  Venado  Formation  of  Kirby  (1943), 
of  Turonian  age,  consists  of  3,000  to  3,500  feet  of 
interbedded  sandstone,  shale,  siltstone,  and  thin  lenses 
of  conglomerate.  Locally,  sandstone  comprises  about 
70  percent  of  the  total  thickness,  but  this  percentage  is 
variable  due  to  rapid  thickening  and  thinning  of  sand- 
stone bodies  as  well  as  to  facies  changes  along  the 
strike. 

The  Yolo  Formation  of  Kirby  (1943)  overlies  the 
\'enado  and  consists  of  800  to  1,000  feet  of  shale  and 
siltstone  with  occasional  thin  beds  of  sandstone.  This 
unit  is  overlain  by  the  Sites  Formation  of  Kirby 
(1943),  which  comprises  about  2,000  feet  of  massive- 
to  well-bedded  sandstone  and  rhythmically  inter- 
bedded sandstone  and  shale.  The  Sites  Formation  is 
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succeeded  by  the  Funks  Formation  of  Kirby  (1942), 
which  consists  of  1,500  feet  or  more  of  shale  with 
some  siltstone  and  thin  sandstone  beds.  The  latter  unit 
is  followed  by  about  1,000  feet  of  massive-  to  well- 
bedded,  fine-  to  medium-grained,  buff-weathering 
sandstone  termed  the  Guinda  Formation  of  Kirby 
(1943).  The  section  from  the  Sites  to  Guinda  Forma- 
tif)n  ranges  in  age  from  Coniacian  to  probably  early 
Campanian,  but  fossils  from  this  sequence  arc  rare  and 
finely  drawn  paleontological  subdivisions  have  not 
been  recognized. 

The  highest  exposed  formation  in  the  southwest 
part  of  the  Sacramento  X'allcy  is  the  Forbes  Forma- 
tion. It  consists  of  about  1,500  to  2,000  feet  of  gray 
shale,  the  lower  portion  of  which  contains  numerous 
white-weathering  limestone  concretions  that  have 
yielded  man\-  specimens  of  ammonites  and  other  fossils 
indicative  of  a  Campanian  age. 

In  contrast  to  the  rocks  found  along  the  eastern  side 
of  the  Sacramento  V'alley,  which  have  yielded  a  pro- 
lific molluscan  fauna,  the  rocks  on  the  western  side 
are  sparsely  fossiiiferous,  and  with  a  few  exceptions. 


have  yielded  only  isolated  and  broken  scraps.  This 
lack  of  a  well-developed  indigenous  fauna,  together 
with  fairly  abundant  sole  markings,  graded  bedding, 
and  other  sedimentary  features,  suggests  deposition  of 
the  west  side  rocks  by  the  action  of  turbidity  currents 
in  relatively  deep  water.  The  well-developed  fauna  of 
the  Forbes  Formation  appears  to  mark  a  period  of 
shallower  water,  thus  suggesting  tlie  gradual  filling 
of  the  basin  in  Campanian  time. 

Source  areas  for  the  Upper  Cretaceous  rocks  have 
not  been  identified  positively,  altliough  the  Sierra 
Nevada  and  Klamath  Mountain  blocks  are  the  most 
likely  source  areas.  No  evidence  is  available  to  indicate 
a  western  source. 

San  Joaquin  Valley  and  Diablo  Range.  Upper  Cre- 
taceous rocks  are  widespread  throughout  the  Diablo 
Range  and  along  the  western  side  of  the  San  Joaquin 
Valley  where  they  have  an  aggregate  thickness  of  be- 
tween 25,000  and  33,000  feet.  These  rocks  consist  of 
sandstone,  siltstone,  shale,  and  conglomerate,  with  the 
dominant  lithologic  types  being  dark-gray  clay  shale 
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or  mudstone  with  interbcdded,  thin  to  massive,  gray, 
brown-weathering  sandstone.  In  some  places,  beds  of 
organic-rich  shale,  platy  sandstone,  or  pebble  and 
boulder  conglomerate  are  abundant.  Limestone  is  rare 
and  for  the  most  part  occurs  as  small  concretionarv 
masses  or  thin,  lenticular,  nodular  beds. 

The  strata  of  the  San  Joaquin  Valley  are  customarily 
subdivided  into  two  units,  the  Panoche  and  overlying 
Moreno  Formations.  Locally  these  units  are  recognized 
west  of  the  San  Joaquin  \'alley  in  the  Diablo  Range. 
In  the  Panoche  Valley  quadrangle,  Payne  (1960) 
assigned  about  22,000  feet  of  shale  and  sandstone  with 
several  thick  intercalated  conglomerate  lentils  to  his 
Panoche  Group.  The  sandstone/shale  ratio  is  approxi- 
mately 1,  or  slightly  greater.  The  sandstone  is  fine-  to 
coarse-grained,  with  fine  to  medium  si7.es  predominat- 
ing; it  is  generally  poorly  sorted  with  angular  grains. 
The  quartz  content  varies  from  20  to  60  percent,  feld- 
spar from  30  to  35  percent,  and  biotite  averages  3  to  5 
percent,  although  Briggs  (1953b,  p.  423)  reports  sand- 
stone beds  near  the  base  of  the  Panoche  in  which 
abundant  coarse  biotite  flakes  constitute  as  much  as  20 
percent  of  the  mineral  fragments.  Microgranular 
matrix,  including  clay,  may  constitute  25  percent  of 
the  total.  Heavy  minerals  reported  b}-  Briggs  from 
L^pper  Cretaceous  sandstones  are:  hornblende,  epidote, 
garnet,  zircon,  tourmaline,  staurolite,  rutile,  sphene, 
and  apatite.  Rock  fragments  with  chert,  volcanic,  and 
plutonic  rocks  most  abundant  are  reported  by  Briggs 
from  almost  every  specimen  studied,  and  glauconite 
was  found  in  a  third  of  the  specimens. 

The  overlying  Moreno  Formation  consists  of  about 
3,000  feet  of  interbedded  chocolate-brown,  maroon, 
light-brown,  and  creamy  gray  colored,  organic-rich 
shale  and  fine-grained,  gray,  silty  sandstone.  The  sand/ 
shale  ratio  is  about  0.12.  Payne  (1951)  considered  the 
upper  portion  of  this  formation  to  be  of  Paleocene 
age,  and  the  contact  between  the  Cretaceous  and  Ter- 
tiary to  be  gradational. 

Lenses  of  conglomerate  which  locally  attain  a  thick- 
ness of  1,000  feet  or  more  and  a  length  of  several  miles 
are  particularly  common  in  the  Panoche  Formation  in 
the  Pacheco  Pass,  Ortigalita  Peak,  and  Panoche  \"alley 
quadrangles  (Anderson  and  Pack,  1915,  p.  43).  The 
conglomerate  is  composed  of  pebbles  and  cobbles  of 
various  porphyritic  and  granitic  rocks,  as  well  as  chert, 
quartzite,  limestone,  and  sandstone.  Clasts  range  in  size 
from  small  pebbles  to  rounded  cobbles  and  boulders 
15  to  20  inches  in  diameter,  and  fragments  up  to  12 
feet  long  have  been  reported  (Anderson  and  Pack, 
1915,  p.  43).  According  to  Anderson  and  Pack  (1915, 
p.  43),  "The  great  bulk  of  the  pebbles  are  of  a  type 
of  rock  diff^erent  from  those  now  exposed  in  the  center 
of  the  Diablo  Range,  and  the  location  of  the  land  mass 
from  which  they  were  derived  is  problematic."  Ac- 
cording to  Briggs  (1953a,  p.  35)  about  1  to  2  percent 
of  the  total  Cretaceous  sequence  of  the   Ortigalita 


Peak  quadrangle  is  conglomerate;  the  percentage  in  the 
Pacheco  Pass  quadrangle  is  appreciably  greater. 

Detailed  mapping,  particularly  by  Schilling  (1962) 
in  the  Pacheco  Pass  quadrangle,  has  emphasized  the 
striking  lateral  facies  changes  exhibited  by  these  rocks. 
Thick,  massive,  sandstone  bodies  grade  laterally  into 
siltstone  and  shale,  and  thick  lenses  of  conglomerate 
pass  over  a  short  distance  into  sandstone.  Few  litho- 
logic  units  can  be  traced  continuously  from  one  end 
of  a  I  5-minute  quadrangle  to  another. 

In  many  places  along  the  west  side  of  the  San 
Joaquin  \"alle>'  and  in  the  Diablo  Range,  the  Panoche 
Formation  is  in  fault  contact  w  ith  the  Franciscan,  but 
locally  the  Panoche  overlies,  with  apparent  discon- 
formity,  Bi/chia-bcanng  shelf  deposits  of  Late  Jurassic 
and  Early  Cretaceous  (\'alanginian)  age.  In  a  few 
places,  notably  in  and  south  of  Hospital  Canyon 
(Carbona  quadrangle),  rocks  of  Albian  age  are  present 
below  the  Panoche.  Undoubtedly,  within  the  thick 
sequence  of  Upper  Cretaceous  rocks,  other  local  un- 
conformities, disconformities,  and  diastems  are  present, 
but  detailed  mapping  has  not  progressed  to  the  point 
where  the  significance  of  such  structures  can  be 
evaluated. 

Source  areas  for  the  vast  amount  of  sediments  de- 
posited during  Late  Cretaceous  time  in  the  San 
Joaquin  \'alley  and  Diablo  Range  have  not  been  posi- 
tively identified,  but  certainly  the  Sierra  Nevada  area 
contributed  a  substantial,  if  not  preponderant,  amount. 
The  concept  of  a  western  source  for  some  of  these 
sediments  has  been  widely  cited  (Taliaferro,  1943b, 
p.  134;  Briggs,  1953b,  figs.  6  and  7),  but  positive  evi- 
dence in  support  of  this  view  is  lacking.  Briggs  sug- 
gests that  the  quantity  of  volcanic  and  plutonic-meta- 
morphic  cobbles  in  conglomerates  points  to  a  western 
source,  although  why  a  Sierra  Nevadan  source  is  ruled 
out  is  not  clear.  Briggs  also  cited  evidence  from  sedi- 
mentar>'  structures,  such  as  slump  structures  and  cross- 
bedding,  which  he  thought  supported  a  western 
source,  but  data  of  this  nature  are  still  so  fragmentary 
that  little  or  no  weight  can  be  given  to  them,  .\ccord- 
ing  to  R.  R.  Compton  (oral  communication,  1961)  no 
detritus  definitely'  indicative  of  a  western,  Sur  Series, 
source  has  \et  been  identified  from  the  San  Joaquin 
sequence. 

Fairly  cogent  evidence  in  support  of  the  concept 
that  the  Gabilan  Range  and  "Cascadia"  (Reed,  1933) 
did  not  shed  sediments  into  a  San  Joaquin  \'alle\"  sea 
is  found  in  the  Late  Jurassic,  Early  Cretaceous  (\'al- 
anginian),  and  Late  Cretaceous  rocks  of  the  San 
Benito  quadrangle  mapped  by  Wilson  (1943).  Al- 
though some  of  these  rocks  lie  only  2  or  3  miles  east 
of  the  crystalline  rocks  of  the  Gabilan  Range,  from 
which  the\-  are  separated  b\'  the  San  Andreas  and 
related  subsidiary  faults,  debris  from  the  distinctive 
metamorphic  rocks  of  the  Sur  Series  in  the  Gabilan 
Range  has  not  been  identified  in  these  sedimentary 
rocks.  Thick  conglomerates  that  would  .suggest  prox- 
imity to  a  source  area  are  scarce  in  the  San  Benito 
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area,  although  farther  east  in  the  San  Joaquin  Valley 
they  arc  abundant.  Likewise,  the  absence  in  the  San 
Benito  area  of  a  prolific  heavy-shelled,  shallow-water 
molluscan  fauna  such  as  occurs  in  correlative  beds  in 
the  Ortigalita  Peak  and  Paclieco  Pass  quadrangles  (the 
so-called  ^'Glycyjueris  reef  beds)  indicates  that  the 
water  did  not  become  shallow  on  approaching  the 
Gabilan  Range  as  was  diagrammatically  indicated  by 
Briggs  (1953b,  fig.  7). 

Southern  Coast  Ranges  ivest  of  San  Andreas  fault. 
Upper  Cretaceous  rocks  of  the  southern  Coast  Ranges 
west  of  the  San  Andreas  fault  are  poorly  known  and 
have  been  studied  in  detail  only  in  a  few  places;  most 
of  the  maps  available  are  at  small  scales  or  are  out  of 
date. 

In  the  Santa  Lucia  Range,  Taliaferro  (1944)  recog- 
nized two  units,  the  Jack  Creek  Formation  and  the 
overlying  Asuncion  Group,  both  of  which  were 
thought  to  be  of  Late  Cretaceous  age,  but  separated 
by  an  unconformity  that  marked  the  so-called  Santa 
Lucian  orogen)-.  The  Jack  Creek  Formation  is  prob- 
abl\-  of  Early  Cretaceous  age  and  has  been  discussed 
previously.  The  Asuncion  Group,  however,  is  of  latest 
Cretaceous  age  and  is  \\idel\-  distributed.  In  places  it 
rests  on  the  eroded  Santa  Lucia  quartz  diorite  and  Sur 
Series  (Reiche,  1937,  p.  137;  R.  Compton,  oral  com- 
munication, 1961),  and  it  also  is  mapped  as  lying  on 
the  Franciscan  (Eckel  and  others,  1941,  pi.  78).  In  the 
Lucia  quadrangle  Reiche  (1937)  reports  between 
3,000  and  4,800  feet  of  dark-gray  to  black  mudstone 
interbedded  \\ith  medium-to  coarse-grained,  feld- 
spathic  sandstone,  and  with  as  much  as  1,300  feet  of 
boulder  conglomerate  in  the  basal  portion.  Locally, 
massive  breccias,  with  fragments  up  to  10  feet  long, 
are  present  near  the  basal  contact.  Fossils  are  abundant 
in  parts  of  the  Asuncion,  but  no  detailed  collecting  or 
palcontologic  studies  have  been  carried  out.  Judging 
from  the  fossils  listed  by  Reiche  (1937,  p.  137)  and 
Taliaferro  (1944,  p.  502),  a  probable  age  of  late 
Campanian  to  Alaestrichtian  for  these  rocks  is  sug- 
gested. SignificantK',  the  rudistid  pelcc\'pod  Corallio- 
chavia  orcjitti  White,  which  in  Baja  California  is  re- 
stricted to  beds  of  probable  earh-  .Maestrichtian  age, 
is  present  in  the  Santa  Lucia  Range  a  short  distance 
above  the  base  of  the  Asuncion  (R.  Compton,  oral 
communication,  1961).  Likewise,  Inocerami  and  Bacii- 
litcs  from  thin-bedded  black  siltstone  at  Slate's  Hot 
Springs  (Lucia  quadrangle)  are  also  suggestive  of  a 
late  Campanian,  or  younger,  age  (Nomland  and 
Schenck,  1932). 

In  the  Transverse  Ranges  north  and  west  of  Santa 
Barbara,  thick  sequences  of  Cretaceous  rocks  are  ex- 
posed, but  paleontological  data  is  not  available  to  ade- 
quately- date  all  of  these  rocks.  Dibblce  (1950)  named 
the  Espada  Formation  from  exposures  in  the  western 
part  of  Santa  Barbara  County.  There,  4,000  to  6,800 
feet  of  dark  greenish-brown  sand\-  shales  have  been 
tentatively  assigned  a  Late  Jurassic  to  Earl\-  Creta- 
ceous age  (Dibblee,  1950,  p.  38,  fig.  2),  and  the  young- 


est fossil  known  from  this  unit  is  Bnchia  crassicollis. 
The  Jalama  Formation  (Dibblce,  1950,  p.  2  3-24)  over- 
lies the  Espada  Formation  and  comprises  about  4,000 
feet  of  clay,  shale,  and  sandstone.  Shallow-water, 
heavy-shelled  molluscan  fossils  are  abundant  locally  in 
this  unit,  and  they  suggest  an  age  no  older  than 
Campanian. 

Farther  to  the  east,  Page,  jMarks,  and  Walker  ( 1951) 
recognized  three  Cretaceous  formations,  one  of  which 
crops  out  north  of  the  Santa  Ynez  fault,  and  two  of 
which  crop  out  south  of  the  fault.  The  strata  north  of 
the  fault  have  not  been  formall\'  named;  these  com- 
prise 16,000  feet  or  more  of  dominanth'  dark-gray 
shale  with  thin  sandy  and  calcareous  interbeds.  The 
age  of  this  unit  is  not  well  established,  but  the  fossils 
reported  include  both  Upper  Jurassic  and  Lower 
Cretaceous  species  of  Biichia  as  well  as  CoraUiochama 
orciitti  and  other  fossils  indicative  of  a  Late  Creta- 
ceous (Campanian  or  younger)  age.  No  palcontologic 
evidence  is  available  to  show  the  presence  of  beds  in- 
termediate in  age  between  these  two  established  ages, 
and  it  is  possible  that  such  beds  are  lacking.  South  of 
the  Santa  Ynez  fault,  Page,  Marks,  and  Walker  recog- 
nized the  Debris  Dam  Sandstone  comprising  about 
2,200  feet  of  interbedded  sandstone,  shale,  and  con- 
glomerate, which  locally  contains  an  abundant  mol- 
luscan fauna  similar  to  that  of  the  Jalama  Formation. 
Overhung  the  Debris  Dam  is  the  thin  Pendola  Shale 
comprising  440  to  1,000  feet  of  dark-gray  to  greenish- 
gray  shale;  no  diagnostic  fossils  are  known  from  this 
unit. 

Source  areas  for  all  of  the  L^pper  Cretaceous  rocks 
of  the  southern  Coast  Ranges  west  of  the  San  Andreas 
fault  are  not  know  n,  but  undoubtedly-  the  crystalline 
rocks  of  the  Santa  Lucia  Range  have  furnished  a  pre- 
dominant amount  of  sediment.  No  evidence  to  support 
a  source  farther  west,  as  advocated  by  Taliaferro 
(1944,  p.  488),  is  available. 

Ihe  geologic  history  of  the  southern  Coast  Ranges 
west  of  the  San  Andreas  fault  is  poorly  understood, 
but  some  very  perplexing  problems  are  apparent.  For 
example,  neither  the  Franciscan  nor  the  Upper  Jur- 
assic and  Lower  Cretaceous  (Valanginian)  rocks  of 
the  Great  \'alle>-  sequence  lying  west  of  the  Naci- 
miento  fault  zone  are  intruded  by  granite,  and  they 
show  no  effects  of  the  mid-Crctaceous  intrusion  of 
the  plutonic  rocks  of  the  Santa  Lucia  Range.  This  re- 
lation is  exactl\-  the  same  as  that  along  the  San  An- 
dreas fault  where  Jurassic  and  Cretaceous  rocks  like- 
wise were  unaffected  by  the  granitic  instrusions.  Simi- 
larly, between  the  time  of  intrusion  and  the  latter  part 
of  the  Cretaceous,  exceedingly  rapid  erosion  must 
have  removed  enormous  quantities  of  rock  in  order  to 
expose  the  plutonic  rocks,  as  rocks  as  old  as  Campan- 
ian rest  on  a  surface  eroded  across  Upper  Cretaceous 
crystalline  rocks.  Inexplicably,  no  deposits  formed 
from  the  removal  of  the  noncr\-stalline  overburden 
have  been  identified,  cither  in  the  San  Joaqviin  Valley 
or  west  of  the  Nacimicnto  fault  (fig.  29).  The  ab.sence 
of  such  deposits,  as  well  as  the  lack  of  metamorphic 
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Figure  25.     Map    showing    four    geographic    categories    of    Franciscan    rocks.     Histograms     show     K-feldspor     distribution     in     Fronciscon     rocl<s     of 
each   cotegory,   and   in    rocks   of   the   Great   Valley    sequence. 
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effects  due  to  the  mid-Cretaceous  granitic  intrusions, 
suggests  that  the  Xacimiento-west  block  is  structurally 
displaced  and  has  been  juxtaposed  against  the  granitic 
block  in  Late  Cretaceous  or,  more  likely,  in  post- 
Cretaceous  time.  Similiarly,  the  lack  of  a  thick  clastic 
wedge  extending  from  the  Gabilan  Range  eastward 
into  the  San  Joaquin  \'alley  adds  some  weight  to  the 
concept  that  the  granitic  block  has  moved  a  great  dis- 
tance laterally  along  the  San  Andreas  fault. 

K-FELDSPAR   CONTENT  OF   GRAYWACKES  OF 

THE   FRANCISCAN   AND   GREAT 

VALLEY  SEQUENCE 

The  graywackes  of  the  Franciscan  eugeosynclinal 
assemblage  and  the  mioseosynclinal  Great  \'alley  se- 
quence can  be  distinguished  in  most  places  with  little 
difficultv  by  their  lithology  or  lithic  associations. 
However,  in  some  areas,  particularly  where  a  block  of 
gra\"wacke  is  surrounded  by  faults  so  that  its  true 
lithic  associates  are  unknown,  the  sedimentary  charac- 
teristics of  the  gra\-\vacke  may  be  inadequate  to  assign 
it  with  assurance  to  the  proper  major  facies  assem- 
blage. In  the  hope  of  finding  a  positive  mineralogic 
difference  between  the  grayA\  ackes  of  the  two  assem- 
blages, we  have  determined  the  K-feldspar  content  of 
many  specimens  collected  from  both  assemblages 
throughout  the  Coast  Ranges  (pi.  2).  The  resulting 
data  indicate  that  the  K-feldspar  content  can  be  used 
in  some  areas  as  a  positive  means  of  separating  gray- 
wackes of  the  two  facies.  but  in  other  areas  it  does  not 
provide  a  distinguishing  criteria.  However,  because  of 
an  apparent  systematic  increase  of  K-feldspar  with 
decreasing  age,  the  K-feldspar  content  may  locally 
provide  a  crude  method  for  determining  the  probable 
age  of  unfossiliferous  late  .Mesozoic  strata  in  the  Coast 
Ranges.  The  K-feldspar  content  also  bears  on  the 
provenance  of  the  rvvo  assemblages  and  places  limits 
on  concepts  regarding  their  gradational  relations. 

Preliminary  studies  of  the  K-feldspar  content  of 
graywackes  collected  from  the  northern  Coast  Ranges 
and  northern  Great  \'alley  were  reported  by  Bailey 
and  Irwin  (1959).  who  found  that  most  Franciscan 
graywackes  contain  little  or  no  K-feldspar  while  the 
grax'Avackes  of  the  Great  \allev  increase  in  K-feldspar 
content  with  decreasing  age  of  the  strata.  As  the  prom- 
ising results  of  the  preliminary  studies  indicated  a  need 
for  more  widespread  sampling,  in  1960  the  equivalent 
strata  of  the  southern  Coast  Ranges  were  sampled  by 
Bailey,  Irwin,  and  Jones,  and  additional  samples  were 
loaned  us  by  other  geologists.  The  method  of  testing 
gra\"wackes  for  K-feldspar  was  described  in  detail  pre- 
viously (Bailey  and  Irwin.  1959).  Briefl>".  this  method 
consists  of  sawing  a  surface  on  the  specimen,  etching 
this  surface  by  immersion  in  hydrofluoric  acid,  and 
treating  the  etched  surface  with  a  saturated  solution  of 
sodium  cobaltinitrite.  A  bright  vellow-orange  stain  of 
potassium  cobaltinitrite  forms  on  any  grains  of  potas- 
sium feldspar  that  are  present.  The  specimen  is  then 
viewed  under  a  binocular  microscope,  and  the  percent- 


age of  potassium  feldspar  is  estimated  b\-  comparison 
with  a  set  of  measured  standard  samples. 

The  samples  of  gravwacke  were  obtained  from  all 
major  areas  of  Franciscan  rocks  and  adjacent  areas  of 
miogeosynclinal  rocks  of  late  .Mesozoic  age,  as  is 
shown  on  plate  2.  The  data  regarding  K-feldspar  con- 
tent was  tabulated  separately  for  the  Upper  Jurassic, 
Lower  Cretaceous,  and  Upper  Cretaceous  units  of  the 
Great  \'alley  sequence  and  for  four  geographic  cate- 
gories of  the  Franciscan.  The  four  categories  are  the 
so-called  eastern  areas.  Bay  areas,  Nacimineto-west 
areas,  and  coastal  belt  (fig.  25).  Cumulative  frequency 
distribution  curves  based  on  these  tabulations  are 
show  n  on  figure  26. 

The  assignment  of  the  samples  to  formational  units 
was  based  chiefly  on  available  geologic  maps.  The  des- 
ignations shown  on  the  maps  agreed  in  most  cases  with 
our  concept  as  to  what  should  be  mapped  as  Francis- 
can and  non-Franciscan,  but  it  was  apparent  that  the 
rocks  in  some  areas  had  been  misidentified.  Thus,  we 
were  in  the  position  of  attempting  to  develop  criteria 
for  distinguishing  among  gra\w acke  of  various  forma- 
tions on  the  basis  of  samples  that  include  some  which 

Figure  26.  Cumulative  frequency  distribution  curves  for  K-feldspar 
content  of  upper  Mesozoic  graywackes. 
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are  misidentified.  Others  that  were  misidentified,  but 
not  obviously  so,  may  also  have  been  included.  Most 
of  the  samples,  however,  are  thought  to  be  properly- 
assigned,  and  it  is  the  gross  statistical  result,  rather  than 
minor  deviations  resulting  from  "salting",  that  is  con- 
sidered to  be  significant. 

The  cumulative  frequencv  curves  (fig.  26)  for  the 
Franciscan  of  the  eastern  and  Bay  areas  are  much  alike, 
but  differ  markedly  from  those  of  the  coastal  belt  and 
Nacimiento-west  areas.  The  curves  for  the  eastern  and 
Bay  areas  show  that  84  and  77.9  percent,  respectively, 
of  the  specimens  of  graywacke  mapped  as  Franciscan 
in  these  areas  contain  no  K-feldspar  and  that  the  rest 
range  from  a  trace  to  25  percent  in  K-feldspar  con- 
tent. By  comparison,  48.8  and  11.3  percent  of  the 
specimens  of  the  Nacimiento-west  areas  and  coastal 
belt,  respectively,  contain  no  K-feldspar.  Furthermore, 
the  median  gra\wacke  of  the  Nacimiento-west  areas 
and  coastal  belt  contains  K-feldspar,  and  specimens 
represented  by  the  75-percentile  points  contain  con- 
siderable amounts,  whereas  corresponding  specimens 
for  the  eastern  and  Ba\'  areas  contain  no  K-feldspar. 

Although  a  trace  or  more  of  K-feldspar  was  found 
in  a  small  percentage  of  the  specimens  of  gra>'wacke 
mapped  as  Franciscan  in  the  eastern  and  Bay  areas, 
some  of  these  gra)\\ackes  w ere  noted,  when  collected 
in  the  field,  as  questionably  Franciscan  because  of  the 
character  of  their  bedding  or  the  apparent  absence  of 
greenstone  and  chert  in  the  stratigraphic  section.  In 
the  eastern  area  of  Franciscan  most  of  the  K-feldspar- 
bearing  graywackes  are  along  the  western  side  near 
the  coastal  belt,  whereas  specimens  collected  from 
broad  areas  of  graywacke  mapped  as  Franciscan  in  the 
eastern  part  of  the  eastern  area  are  generalK'  devoid  of 
K-feldspar. 

In  general  we  have  viewed  most  K-feldspar-bearing 
gra\ wacke  as  dubiously  Franciscan  (Baile\-  and  Irwin, 
1959).  Nevertheless,  some  of  the  Franciscan  gray- 
wackes surely  contain  appreciable  K-feldspar.  This  is 
most  clearly  demonstrated  in  southern  .Marin  Count\' 
where  gra\-wacke  interbedded  with  greenstone  and 
chert  in  a  thick  section  of  typical  Franciscan  litholog\- 
contains  quantities  of  K-feldspar  ranging  from  a  trace 
to  several  percent.  In  the  southern  part  of  the  San 
Francisco  peninsula  some  of  the  graywacke  associated 
with  the  Calera  limestone,  greenstone,  and  chert  of 
the  Franciscan  formation,  contains  K-feldspar,  al- 
though to  the  southeast  along  the  same  belt  of  lime- 
stone in  the  .Morgan  Hill  and  San  Juan  Bautista  quad- 
rangles, grayu  acke  collected  from  apparcnth-  the  same 
stratigraphic  units  contains  no  K-feldspar. 

The  rocks  of  the  Great  X'alley  sequence  of  Late 
Jurassic  age  are  represented  in  the  cumulative  fre- 
quency distribution  curve  for  K-feldspar  content  (fig. 
26)  by  49  specimens,  most  of  which  are  from  the 
Knoxville  Formation  on  the  west  side  of  the  northern 
Great  \'allcy.  The  K-feldspar  content  of  the  speci- 
mens ranges  from  0  to  as  much  as  5  percent;  the 
median  is  somewhat  less  than  0.5  percent. 


The  cur\'e  for  the  K-feldspar  content  of  the  Lower 
Cretaceous  of  the  Great  \'alley  sequence  is  represented 
b\-  79  specimens  collected  from  the  strata  along  the 
west  side  of  the  northern  Great  \'alley  and  from 
patches  of  related  strata  in  other  parts  of  the  Coast 
Ranges.  The  specimens  range  in  K-feldspar  content 
from  0  to  as  much  as  25  percent;  all  of  the  specimens 
of  the  Lower  Cretaceous  along  the  west  side  of  the 
northern  Great  \'alley  contained  a  trace  or  more 
K-feldspar.  The  median  K-feldspar  content  is  1.1  per- 
cent. 

The  curve  for  the  K-feldspar  content  of  the  L'pper 
Cretaceous  rocks  of  the  Great  \'alle\'  sequence  is  based 
on  106  specimens.  The  specimens  were  collected  from 
strata  commonl\-  referred  to  as  "Chico"  along  the  west 
side  of  the  northern  Cireat  Valley  as  well  as  elsewhere 
in  the  Coast  Ranges  and  from  the  ^'ager  Formation  of 
Ogle  ( 1953)  and  the  Gualala  Series  of  Weaver  ( 1943). 
The  K-feldspar  content  of  these  specimens  of  gray- 
wacke ranges  from  0  to  30  percent;  all  from  the  north- 
ern Great  \'alle\'  contained  0.5  percent  or  more  K- 
feldspar.  The  median  K-feldspar  content  of  the  speci- 
mens of  the  L'pper  Cretaceous  is  nearly  1 3  percent. 

The  foregoing  values  for  the  median  K-feldspar 
content  of  the  graywackes  of  the  Franciscan  and  of 
the  L^pper  Jurassic  and  Lower  Cretaceous  of  the  Great 
Valley  sequence  are  nearly  identical  to  the  preliminary 
median  values  reported  by  Bailey  and  Irwin  (1959). 
This  close  agreement  exists  even  though  the  specimens 
used  to  determine  the  preliminary  values  were  less  than 
half  as  numerous  and  w  ere  collected  from  onl\-  a  part 
of  the  northern  Coast  Ranges  and  northern  Great  \'al- 
ley.  Also,  this  agreement  suggests  that  the  source  of 
the  graywackes  of  the  Franciscan  and  of  the  L^pper 
Jurassic  and  Lower  Cretaceous  of  the  Great  \'alley 
sequence  did  not  differ  in  regard  to  availability  of 
K-feldspar  from  north  to  south  along  the  length  of 
the  depositional  area  during  any  single  period  of  sedi- 
mentation. On  the  other  hand,  the  K-feldspar  content 
of  the  graywacke  of  the  Franciscan  is  different  from 
east  to  west,  w  ith  K-feldspar  being  rather  generall\' 
present  in  the  Franciscan  only  in  some  places  along  the 
WTSt  side  of  the  Coast  Ranges. 

The  additional  sampling  reported  in  this  paper 
substantiates  the  original  concept  (Bailey  and  Irwin. 
1959)  that  the  K-feldspar  content  of  the  graywackes 
of  the  Great  \'alle\-  sequence  s\stematicall\-  increases 
with  decreasing  age  of  the  three  stratigraphic  units. 
This  relation  pertains  not  only  to  the  strata  of  the 
northern  Great  Valley  but  for  the  miogeosynclinal 
strata  of  similar  age  throughout  the  Coast  Ranges.  If 
the  general  source  area  of  these  strata  was  essential!)' 
the  same  geographically,  as  seems  likely  except  per- 
haps for  some  of  the  latest  Cretaceous,  the  change  in 
K-feldspar  content  of  the  strata  must  reficct  a  gradual 
change  w  ith  time  in  the  bulk  rock,  and  therefore  min- 
eral, composition  of  the  source  area.  Thus  the  measure 
of  the  K-feldspar  content  should  serve  as  a  rude  geo- 
logic calendar  for  all  strata  derived  from  that  source 
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during  the  span  of  time  represented  by  strata  of  the 
Great  Valley  sequence. 

The  advisabilit\'  of  extending  this  observation  to 
apply  to  the  eugeosynclinal  Franciscan  rocks  is  subject 
to  question,  but  worth  considering.  If  one  applies  this 
observation  to  the  Franciscan,  one  must  assume  that 
the  source  of  the  Franciscan  graywacke  was  essentially 
the  same  geographically  as  the  source  of  the  Great 
\'allev  sequence.  Assuming  this,  and  based  only  on 
the  K-fcldspar  content  of  the  sediments,  the  Francis- 
can would  seem  to  have  been  deposited  during  more 
than  one  period  of  geologic  time  or  continuously 
through  much  of  Late  Jurassic  to  Late  Cretaceous 
rime.  The  Franciscan  graywacke  in  the  eastern  part  of 
the  Coast  Ranges  generall\-  contains  no  K-feldspar  and 
thus  would  be  older  than  the  Upper  Jurassic  (Knox- 
ville)  rocks  of  the  Great  Valley  sequence.  Some  of  the 
Franciscan  grayvvackes  in  the  western  part  of  the 
Coast  Ranges  contain  appreciable  K-feldspar  and 
therefore  would  be  mid-Cretaceous  in  age.  However, 
otJier  Franciscan  graywackes  in  the  western  part  con- 
taining mid-Cretaceous  fossils  would,  on  the  basis  of 
the  absence  of  K-feldspar,  be  assigned  a  Jurassic  age. 
Tiiis  contradiction  indicates  that  the  original  assump- 
tion of  a  similar  source  for  all  the  rocks  was  invalid 
and  suggests  that  although  the  presence  of  more  than 
a  few  percent  of  K-feldspar  can  be  regarded  as  indica- 
tive of  a  Cretaceous  age,  the  absence  of  K-feldspar  is 
not  necessarily  diagnostic  of  age. 

SPECIFIC   GRAVITY   OF   GRAYWACKES  OF 

THE   FRANCISCAN   AND  GREAT 

VALLEY  SEQUENCE 

The  specimens  tested  for  K-feldspar  content  were 
also  studied  with  regard  to  specific  gravity,  because 
specific  gravitN  was  thought  likely  to  be  another  pa- 
rameter in  which  the  graywackes  of  the  several  up- 
per Mesozoic  units  might  differ.  The  results  substanti- 
ate this  belief,  for  as  reported  briefly  by  Irwin  (1961 ), 
the  median  specific  gravities  of  the  graywackes  of  the 
three  units  of  the  Great  \^alley  sequence  are  lower 
than  that  of  the  Franciscan  graywacke,  and  their 
values  decrease  progressively  with  decreasing  age. 

The  specific  gravity  was  measured  by  means  of  a 
direct-reading  balance  with  the  hand  specimen  im- 
mersed in  water.  Most  of  the  specimens  are  practically 
impermeable,  and,  for  these,  the  measurements  repre- 
sent bulk  specific  gravity.  How  ever,  some  of  the  speci- 
mens, chiefl\-  those  from  the  Upper  Cretaceous  of  the 
Great  X'alley  sequence,  are  permeable,  so  the  values 
obtained  for  these  are  a  little  higher  than  bulk  specific 
gravity. 

Cumulative  frequency  distribution  curves  based  on 
the  specific  gravity  measurements  are  shown  on  figure 
27.  The  curves  for  the  graywackes  mapped  as  Francis- 
can are  well  separated  from  and  on  the  high  side  of 
the  curves  for  graywackes  of  the  Great  Valley  se- 
quence. The  median  specific  gravity  of  specimens  of 
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the  eastern  and  Bay  area  of  Franciscan  is  slightly 
greater  than  2.65,  whereas  it  is  about  2.62  for  the 
Nacimiento-west  area  and  about  2.60  for  the  coastal 
belt.  The  marked  decrease  in  slope  of  the  upper  tail  of 
the  Franciscan  curves  reflects  mctamorphism  of  the 
grayw  acke,  as  we  have  found  most  of  the  Franciscan 
graywackes  with  a  specific  gravity  of  2.70,  and  all  with 
a  specific  gravity  of  2.71  or  more,  are  metamorphosed. 
The  mctamorphism  converts  the  plagioclase  to  the 
heavier  jadeite  and  lawsonite.  About  22  percent  of  the 
specimens  of  Franciscan  gra\'wackes  have  a  specific 
gravity  higher  than  2.68,  which  is  the  highest  specific 
gravity  of  any  of  the  specimens  of  graywacke  of  the 
Great  Valley  sequence. 

The  curves  representing  the  graywackes  of  the  three 
units  of  the  Great  V^alley  sequence  are  progressively 
displaced  toward  the  low  specific  gravity  side  of  the 
graph  with  decreasing  age  of  the  units,  although  at 
some  places  the  curves  intermingle.  Median  values  are 
2.59  for  the  Upper  Jurassic,  2.57  for  the  Lower  Cre- 
taceous, and  2.55  for  the  Upper  Cretaceous  rocks.  As 
stated  earlier,  many  of  the  values  obtained  for  Upper 
Cretaceous  graywackes  do  not  truly  represent  bulk 
specific  gravity,  and  thus  the  true  curve  for  these  rocks 
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should  be  even  further  to  the  left  side  of  the  graph 
than  it  is. 

Reasons  for  the  general  differences  in  specific  grav- 
ity of  nonmetamorphosed  graywackes  (sp  gr  <  2.71) 
of  the  several  units  are  not  surely  known,  as  data 
regarding  the  factors  that  might  affect  their  density 
are  not  available.  One  might  speculate,  however,  that 
the  generally  higher  specific  gravity  of  the  Franciscan 
graywackes  relative  to  the  graywackes  of  the  Great 
V^alley  sequence  results  from  a  greater  abundance  of 
mafic  volcanic  fragments  (high  specific  gravit\),  a 
general  lack  of  K-feldspar  (low  specific  gravity),  and 
a  higher  degree  of  compaction  in  the  Franciscan  gray- 
wackes. The  progressive  decrease  in  specific  gravity 
w^ith  decrease  in  age  of  the  Great  Valley  sequence 
probabl\-  is  related  to  the  marked  increase  in  K-feld- 
spar content  with  decreasing  age,  and  to  a  progres- 
sively smaller  amount  of  compaction  resulting  from 
shallow  er  depth  of  burial. 

The  data  regarding  specific  gravity  and  K-feldspar 
content  of  the  graywackes  of  the  various  units  are 
summarized  in  figure  28  by  plotting  10-percentile 
points  taken  from  curves  shown  on  figures  26  and  27. 
The  graph  should  not  be  interpreted  as  showing  a 
relation  between  K-fcidspar  content  and  specific  grav- 
ity of  individual  specimens.  A  nearly  straightline  rela- 
tion exists  betw  een  tiie  three  units  of  the  Great  V^alley 
sequence  along  a  line  drawn  through  50-percentile 
points.  Along  this  line  the  Upper  Jurassic,  Lower 
Cretaceous,  and  Upper  Cretaceous  units  occur  in  age 
sequence,  the  age  increasing  with  increasing  specific 


gravity,  and  decreasing  with  increasing  K-feldspar 
content.  The  median  line  (fig.  28)  was  extended  to  the 
50-percentile  point  for  the  Franciscan  rocks  in  order 
to  indicate  the  position  of  the  point  rather  than  to 
imply  that  the  curve  for  the  Franciscan  is  in  age 
sequence  relative  to  the  curves  for  the  three  units  of 
the  Great  Valley  sequence.  As  stated  earlier,  however, 
this  position  relative  to  age  may  be  valid  for  part  of 
the  Franciscan.  The  position  of  the  curve  for  the 
"coastal  belt"  rocks  approximates  that  of  the  Lower 
Cretaceous,  but  its  50-percentile  point  indicates  both 
a  higher  specific  gravit\'  and  higher  K-feldspar  content 
than  does  the  50-percentile  point  of  the  Lower  Cre- 
taceous of  the  Great  Valley  sequence. 

Specific  gravities  of  specimens  of  graywacke  col- 
lected from  the  coastal  belt  are  shown  by  a  separate 
curve.  A  general  lack  of  volcanic  rocks,  the  sparse 
paleontologic  data,  and  the  results  of  the  stud\-  of  the 
K-feldspar  content  suggest  an  affinity  with  the  Great 
\'alley  sequence.  The  cumulative  frequenc>-  distribu- 
tion curve  for  graywacke  of  the  coastal  belt  also  sug- 
gests this  affinity,  as  this  curve  is  close  and  generally 
parallel  to  the  curves  for  the  Great  \'alley  sequence. 
Although  generally  somewhat  to  the  right  of  the 
curves  for  those  units,  it  is  far  to  the  left  of  the  curve 
for  the  normal  Franciscan  graywacke.  However,  this 
cumulative  frequency  distribution  curve  for  gray- 
wacke of  the  coastal  belt  includes  some  specimens 
with  specific  gravities  above  2.68,  higher  than  the 
highest  specific  gravity  of  anv  specimen  collected 
from  the  Great  Valley  sequence. 

AGE  AND  SOURCE  OF  THE  FRANCISCAN 

Although  the  fossiliferous  part  of  the  Franciscan 
ranges  in  age  from  at  least  Late  Jurassic  (Tithonian) 
to  Late  Cretaceous  (Turonian),  fossils  are  so  sparse 
that  the  assemblage  of  Franciscan  rocks  might  also 
contain  extensive  sequences  of  unfossiliferous  rocks 
of  older  or  younger  age  (see  fig.  22).  If  older  rocks 
are  included,  one  might  expect  to  find  them  in  the 
eastern  half  of  the  outcrop  area  where  most  of  the 
oldest  fossils  have  been  found.  As  shown  in  figure  25 
and  plate  2,  in  this  area  the  Franciscan  contains  gray- 
wackes with  no  K-feldspar,  thus  suggesting  that  the 
graywacke  may  be  pre-Knoxville,  and  in  addition 
much  of  tlie  Franciscan  here  is  metamorphosed,  in 
contrast  to  the  adjacent  Knoxville  rocks  which  are 
unmetamorphosed.  These  features  require  a  considera- 
tion of  the  maximum  age  that  can  reasonably  be 
assigned  to  this  eastern  part  of  the  Franciscan  eugeo- 
s\nclinal  assemblage. 

Additional  data  regarding  the  maximum  age  of  the 
oldest  Franciscan  rocks  might  be  obtained  by:  (1) 
considering  the  basement  on  which  the  Franciscan 
was  deposited,  (2)  comparing  the  deformation  and 
metamorphism  of  Franci.scan  rocks  with  nearby  dated 
rocks  of  about  the  same  age,  (3)  relating  the  miner- 
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alog\'  or  lithology  of  Franciscan  sedimentary  rocks  to 
possible  source  rocks  of  known  age,  (4)  relating  the 
Franciscan  rocks  to  dated  igneous  intrusives,  or  (5) 
deducing  the  maximum  age  from  what  is  known  of 
the  regional  paleogeography  or  palcotcctonics.  We 
will  consider  in  turn  these  various  possibilities. 

Basement 

As  no  lo\\'er  contact  for  the  assemblage  of  Fran- 
ciscan rocks  has  been  recognized,  the  basement  on 
which  it  was  deposited  is  unknown.  The  only  direct 
evidence  regarding  what  is  beneath  the  Franciscan  is 
provided  by  the  kinds  of  rocks  brought  up  as  inclu- 
sions in  the  igneous  rocks  that  intrude  the  Franciscan. 
Inclusions  have  been  found  only  in  ultramafic  intru- 
sives, and  although  the  relatively  fresh  plugs  of  dunite 
or  peridotite  seem  to  be  devoid  of  inclusions,  the 
serpentine  masses  not  uncommonly  contain  inclusions 
ranging  in  size  from  less  than  a  foot  to  tens  of  feet. 
Some  of  these  inclusions  are  colored  chert,  graywacke, 
and  greenstone,  indistinguishable  from  normal  Fran- 
ciscan types.  A^ost  of  the  others  that  are  metamor- 
phosed are  chemically  closely  similar  to  Franciscan 
rocks,  although  a  positive  correlation  cannot  generally 
be  made  because  all  primar\-  textures  are  lost  through 
rccrystallization.  The  exceptions  to  this  are  the  rodin- 
gites,  which  have  radicall\-  different  compositions  ow- 
ing to  mctasomatic  reaction  with  the  serpentine,  but 
they  show  by  relict  textures  that  they  might  have  been 
derived  from  Franciscan  gabbros  or  greenstones 
(Schlocker,  1960).  As  the  older  crystalline  rocks  of 
the  Coast  Ranges,  the  Klamath  Mountains,  and  the 
Sierra  Nevada  include  quartzites,  marbles,  and  some 
kinds  of  schists  that  are  different  from  the  rocks  in- 
cluded in  the  Franciscan,  the  absence  of  these  older 
rocks  among  the  inclusions  is  real  and  not  based  on 
erroneous  assignments. 

Geophysical  measurements  have  provided  little  use- 
ful data  on  the  basement  below  the  Franciscan.  Ac- 
cording to  G.  A.  Thompson  (oral  communication, 
Januar>'  1961),  gravity  measurements  indicate  a  lack 
of  large  density  differences  between  crustal  segments 
beneath  Franciscan  rocks  and  non-Franciscan  rocks  in 
western  California.  Magnetic  data,  according  to  G.  D. 
Bath  (oral  communication,  January  1961),  have  not 
been  obtained  over  a  large  enough  area  in  sufficient 
detail  to  suggest  the  character  of  the  rocks  below  the 
Franciscan.  Seismic  measurements  seem  to  offer  con- 
siderable promise,  but  work  to  date  has  yielded 
chiefly  data  on  the  depth  to  the  Mohorovicic  discon- 
tinuity, which  is  generally  agreed  to  be  at  about  30  km 
beneath  the  San  Francisco  Bay  area,  and  discontin- 
uities at  higher  levels  are  poorly  known  (Press,  1957). 
Cameron  (1961)  analyzed  the  records  of  several  earth- 
quakes in  the  area  near  Eureka  and  identified  a  Pp 
wave  believed  to  travel  chiefly  in  Franciscan  rocks. 


This  type  of  wave  originates  only  from  earthquakes 
with  a  focus  of  10  km  or  less  in  depth,  and  along  the 
Mendocino  escarpment  only  earthquakes  in  the  crustal 
segment  east  of  the  1,000  fathom  line  yield  this  wave. 
Cameron's  analysis  of  the  December  21,  1954,  Areata 
earthquake  indicated  the  coastal  area  was  underlain 
by  a  5.1  km/sec  velocity  layer  to  a  depth  of  3  km, 
a  5.95  km/sec  velocity  layer  to  a  depth  of  24  km,  and 
a  6.93  km/sec  velocity  layer  to  29  km  where  the 
"Moho"  was  reached.  He  assigned  the  upper  3  km 
layer  to  the  Franciscan,  the  next  21  km  to  "granite," 
and  the  next  5  km  to  basalt.  Perhaps  the  3  km  layer  is 
better  assigned  to  the  Upper  Cretaceous  and  Tertiary 
in  the  Eureka  area,  the  underlying  layer  down  to 
24  km  to  Franciscan  rocks,  and  the  next  layer  below 
to  basalt.  Thus,  the  basement  for  the  Franciscan  might 
be  older  sedimentary  rocks,  granite,  or  basaltic  crust. 
The  inclusions  in  the  serpentine  suggest  the  Franciscan 
was  deposited  directly  on  basalt,  peridotite,  or  ser- 
pentine, and  the  available  seismic  data  when  consid- 
ered with  the  probable  thickness  of  the  assemblage 
also  indicate  that  direct  deposition  of  the  Franciscan 
on  a  basalt  substratum  is  a  tenable  hypothesis.  How- 
ever, as  the  type  of  basement  is  conjectural,  this  con- 
sideration does  not  aid  in  determining  the  age  of  the 
oldest  Franciscan  rocks. 

Degree  of  Metamorphism  Compared 
to  That  of  Related  Rocks 
Some  idea  of  the  antiquity  of  the  oldest  part  of  the 
Franciscan  might  also  be  gained  by  comparing  its 
metamorphism  and  deformation  to  similar  features  of 
nearby  rocks  of  known  age.  We  have  mentioned  that 
the  Franciscan  is  generally  more  deformed  than  the 
Knoxville  and  that  parts  of  the  Franciscan  are  more 
metamorphosed.  All  contacts  with  rocks  slightK-  older 
than  the  Knoxville  are  faults.  In  the  northern  Coast 
Ranges  the  Franciscan  is  for  more  than  a  hundred 
miles  in  fault  contact  with  phyllite  and  greenschist  of 
the  South  Fork  Mountain  and  related  ridges  along  the 
western  boundar\'  of  the  Klamath  Mountains  pro\ince, 
and  these  mctamorphic  rocks  are  at  least  in  part  of  the 
Galice  Formation  (Irwin,  1960).  The  sharp  contrast 
between  these  metamorphosed  rocks  and  the  unnieta- 
morphosed  Franciscan  rocks  in  the  northern  half  of 
the  belt  suggests  the  Galice,  of  middle  Late  Jurassic 
(late  Oxfordian  to  middle  Kimmeridgian)  age,  is  older; 
however,  farther  south  the  contrast  is  not  so  great  be- 
cause the  Franciscan  rocks  are  also  metamorphosed 
nearly  to  the  same  degree.  Viewed  broadly,  however, 
the  Galice  Formation  of  the  Klamath  Mountains  and 
the  Mariposa  Formation  (Upper  Jurassic)  of  the 
western  Sierra  Nevada,  which  are  both  widely  in- 
truded by  granite  and  everywhere  regionall\-  meta- 
morphosed, seem  to  be  older  than  most  of  the  Fran- 
ciscan, which  is  only  metamorphosed  in  some  areas. 
Structurally,  the  Galice  and  Mariposa  seem  to  be  more 
tightly  folded,  but  they  do  not  exhibit  the  degree  of 
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irregular  superpositions  of  folding,  flowage,  and  break- 
age which  makes  such  a  jumble  out  of  many  of  the 
Franciscan  exposures. 

The  Franciscan  rocks  also  are  in  fault  contact  along 
the  San  Andreas  and  Nacimiento  faults  with  a  block 
of  metamorphic  and  granitic  rocks.  The  metamor- 
phosed rocks,  termed  the  Sur  Series  by  Trask  (1926), 
are  generally  considered  to  be  Paleozoic  in  age  and 
everywhere  (Compton,  1960,  p.  613)  have  a  compli- 
cated history  of  repeated  dynamo-thermal  and  high- 
temperature  metamorphism.  No  traces  of  these  pe- 
riods of  metamorphism  are  seen  in  the  Franciscan 
rocks  on  the  other  sides  of  the  boundary  faults,  even 
though  all  granitic  intrusions  into  the  Sur  Series  that 
have  been  dated  are  younger  than  the  oldest  known 
Franciscan  rocks. 

Heavy  Minerals  and  Conglomerate  Pebbles 

The  minerals  in  the  Franciscan  gra\'wacke  and  the 
rocks  occurring  as  pebbles  in  the  conglomerate  pro- 
vide data  regarding  the  age  and  source  of  the  unit, 
though  some  of  these  data  are  contradictory.  As  the 
material  that  forms  the  graywacke  is  angular,  and 
therefore  presumably  is  first  cycle  detritus  that  has  not 
traveled  a  great  distance,  it  should  be  possible  to  relate 
it  to  a  nearby  source.  By  far  the  greatest  amount  of 
data  available  for  the  graywacke  is  the  statistical  infor- 
mation on  its  content  of  K-feldspar  summarized  previ- 
ously in  this  report.  \\'e  have  indicated  that  for  the 
bordering  miogeosynclinal  rocks  of  the  Great  \'alley 
the  amount  of  K-feldspar  increases  systematically  with 
decreasing  age.  It  seems  safe  to  assume  that  the  sources 
of  K-feldspar  are  the  granitic  intrusives  of  the  Klam- 
ath Mountains  and  Sierra  Nevada,  which  have  been 
shown  to  be  of  two  ages  by  Curtis,  Evernden,  and 
Lipson  (1958).  One  group,  which  is  dominantly  quartz 
diorite  of  Late  Jurassic  age,  occurs  in  the  Klamath 
Mountains  and  in  the  western  foothills  of  the  Sierra 
Nevada;  the  other,  which  is  granodiorite-quartz  mon- 
zonite  of  mid-Cretaceous  age,  forms  the  bulk  of  the 
plutonic  rocks  of  the  Sierra  Nevada.  So  far  as  is 
known,  K-feldspar  is  generally  lacking  in  the  pregra- 
nitic  rocks  of  these  areas,  and  thus  the  gradual  increase 
in  K-feldspar  in  the  miogeosynclinal  strata  derived 
from  the  Klamath-Sierra  terrane  reflects  the  unroofing 
and  erosion  of  the  batholithic  rocks.  If  the  eastern 
Franciscan  rocks  lacking  K-feldspar  have  a  similar 
origin,  as  seems  likely,  they  would  by  inference  be 
older  than  the  Knoxville  part  of  the  Great  V'alley 
sequence,  which  contains  small  amounts  of  K-feldspar. 
Similarly,  the  Franciscan  graywacke  of  the  western 
area  that  locally  contains  considerable  K-feldspar  must 
have  been  deposited  after  the  batholithic  rocks  were 
partly  unroofed.  Studies  of  heavy  minerals  in  the  gray- 
wacke, summarized  in  figure  6,  support  this  idea,  as 
monazite  is  reported  only  from  the  \\estern  Franciscan 
rocks,  and  similarly  zircon  is  much  more  abundant  in 
the  western  rocks. 


Curiously  the  data  on  the  pebbles  in  the  conglom- 
erate (fig.  10)  are  contradictory.  Geologists  who 
have  studied  the  conglomerates  in  the  Diablo  Range, 
in  the  eastern  Franciscan  area,  report  granite  as  one  of 
the  prominent  rocks  in  the  conglomerates  from  the 
Quien  Sabe  quadrangle  northward  to  the  Livermore 
quadrangle.  This  anomalous  occurrence  of  granite- 
bearing  conglomerate  in  a  gra\'wacke  sequence  con- 
taining no  K-feldspar  might  be  attributed  to  the  use 
of  "granite"  as  a  field  designation  for  all  fairly  light- 
colored,  granular  igneous  rocks,  but  as  several  of  the 
geologists  also  reported  quartz  diorite  pebbles,  this 
does  not  seem  to  be  a  valid  explanation.  The  absence 
of  K-feldspar  in  the  accompan\ing  graywacke  suggests 
these  well-rounded  granite  pebbles  are  reworked  from 
some  older  conglomerates  and  do  not  represent  erosion 
of  granitic  masses  during  this  cycle  of  erosion.  The 
other  data  on  heavy  minerals  or  conglomerate  pebbles 
does  not  appear  to  be  particularly  diagnostic  of  age  or 
source.  Pvrite,  rutile,  and  garnet,  \\  hich  ma\-  be  de- 
rived from  a  metamorphic  source,  are  practicall\' 
absent  in  the  eastern  Franciscan  rocks  but  common  in 
the  western  ones.  Other  heav\-  minerals  such  as  an- 
dalusite,  kyanite,  and  piedmontite,  which  might  in- 
dicate erosion  of  metamorphic  rocks  in  the  Siern 
Nevada,  or  lawsonite  and  glaucophane,  which  would 
suggest  cannibalistic  erosion  of  older  Franciscan  rocks, 
do  not  seem  to  provide  a  pattern,  either  as  to  space  or 
time,  perhaps  because  the  data  are  too  scant  or  in- 
accurate. 

Relation  to  Intrusive  Rocks  of  Coast  Ranges 

The  age  of  the  Franciscan  relative  to  either  the 
Jurassic  or  Cretaceous  granitic  intrusives  cannot  be 
determined  directly  as  no  intrusive  contacts  have  been 
found.  Most  of  the  granite  in  the  Coast  Ranges  occurs 
in  the  giant  sliver  between  the  Nacimiento  and  San 
Andreas  faults,  and  six  granitic  specimens  from  this 
block  yielded  mid-Cretaceous  K-A  dates  ranging  from 
81.6  to  91.6  million  years.  (Curtis  and  others,  1958).* 
As  fossils  indicate  that  some  Franciscan  rocks  arc  older 
than  this,  it  is  indeed  curious  that  the  Franciscan  is 
nowhere  known  to  be  either  intruded  or  metamor- 
phosed by  the  granite.  However,  the  recognition  of 
the  pregranite  age  of  part  of  the  Franciscan  raises  the 

*  New  data  obtained  since  this  report  was  prepared  suggest 
K-Ar  dates  obtained  on  the  micas  from  the  granitic  in- 
trusives of  both  the  Coast  Ranges  and  Sierra  Nevada  rep- 
resent the  latest  time  when  the  micas  cooled  to  the  fairly 
low  temperature  required  for  the  retention  of  argon,  rather 
than  the  time  of  the  initial  cooling  of  the  magma  following 
intrusion.  Dates  obtained  from  amphiboles  are  thought  to 
more  accurately  date  the  intrusive  period  (Kistler  and 
others,  1963).  Hornblende  from  a  "pluton"  in  the  San 
Andreas  fault  zone  in  the  Parkfield  quadrangle  gave  a 
date  of  143  million  years  (Hay.  1%3.  p.  113).  Two-thirds 
of  the  intrusives  of  the  Sierra  Nevada  that  have  been  dated 
by  K-Ar  methods  applied  to  their  amphiboles,  or  by  rubi- 
dium-strontium methods  applied  to  whole  rock  samples, 
have  yielded  Jurassic  ages  (R.  W.  Kistler,  oral  communica- 
tion, bee.  1963).  These  Jurassic  dates  are  more  compatible 
than  mid-Cretaceous  dates  with  some  of  the  concepts  pre- 
sented later  in  this  report. 
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possibility  that  in  the  crystalline  block  west  of  the  San 
Andreas  fault  some  of  the  rocks  now  assigned  to  the 
Sur  Series  are  really  metamorphosed  Franciscan  rocks 
that  have  escaped  detection  during  the  limited  study 
this  area  has  received. 

In  the  northern  Coast  Ranges  there  are  two  little- 
known  occurrences  of  granitic  rock  that  might  be  in- 
trusive into  the  Franciscan.  One  of  these,  reported  by 
irwin  (1960,  p.  58),  is  in  the  Eureka  quadrangle  )ust 
north  of  the  junction  of  U.S.  Highways  101  and  299, 
a  few  miles  north  of  Areata.  Here  a  coarsely  crystal- 
line syenite  is  poorly  exposed  on  a  brushy  hillside  and 
in  a  small  quarry;  limited  field  checking  failed  to  find 
an\-  contacts  where  its  relation  to  the  Franciscan  could 
be  seen.  The  other  occurrence,  reported  to  us  by 
T.  W.  Dibblee  (oral  communication,  1959),  is  1  mile 
west-northwest  of  the  Barnwell  Ranch  in  the  Weott 
quadrangle.  We  have  not  seen  this  exposure,  but,  be- 
cause it  is  close  to  a  major  fault  separating  Franciscan 
rocks  from  the  Yager  Formation  of  Ogle  (1953),  the 
granite  may  be  an  exotic  tectonic  sliver.  Thus,  al- 
though we  can  by  inference  relate  the  Franciscan  to 
the  granitic  intrusives  on  the  basis  of  the  K-feldspar 
content  of  the  graywacke,  no  direct  evidence  for  the 
relative  ages  of  the  t\vo  rocks  is  available. 

The  ultramafic  intrusives  also  are  of  little  use  in 
establishing  the  age  or  source  of  the  Franciscan  rocks, 
but  for  a  different  reason.  Ultramafic  rocks  of  pre- 
sumed pre-Franciscan  age  occur  in  the  Klamath 
Mountains  and  in  the  Sierra  Nevada;  these  rocks  also 
occur  in  both  the  older  and  younger  parts  of  the 
Franciscan  assemblage,  and  they  locally  intrude  the 
older  parts  of  the  adjacent  Great  Valley  sequence. 
Therefore,  reported  occurrences  of  serpentine,  chro- 
mite,  or  picotite  in  the  graywacke  are  not  diagnostic 
either  as  to  age  or  source. 

Relation  to  Nevadan  Orogeny 
In  considering  the  age  of  the  oldest  Franciscan 
rocks,  an  analysis  of  the  mid-Mesozoic  geologic  his- 
tor\-  of  the  area  is  informative.  Large  quantities  of 
rock  -were  eroded  from  the  Klamath— Sierra  Nevada 
terrane  after  deformation  of  the  strata  of  Kimme- 
ridgian  and  older  ages  and  after  the  intrusion  of  these 
strata  by  granitic  rocks,  but  apparently  before  the 
deposition  of  the  Knoxville  Formation  of  Tithonian 
age.  A  part  of  the  Great  Valley  sequence  that  is  of 
Hauterivian  age  and  that  contains  abundant  coarse 
granitic  debris  is  deposited  on  the  eroded  surface  of 
the  Shasta  Bally  batholith  in  the  southern  part  of  the 
Klamath  Mountains,  and  farther  south  these  rocks  are 
a  part  of  an  apparently  conformable  sequence  extend- 
ing downward  through  the  Knoxville.  However,  so 
far  as  is  known,  the  Knoxville  nowhere  laps  onto  the 
deformed,  metamorphosed,  and  intruded  rocks  of  the 
Klamath  Mountains.  Thus,  while  it  can  only  be  in- 
ferred that  the  Nevadan  orogeny  in  the  Klamath 
iMountains  antedated  the  Knoxville,  the  map  pattern 
showing  the  overlap  of  the  Klamath  Mountains  by  the 


little  disturbed  Great  Valley  sequence  is  most  sug- 
gestive of  this  relation.  A  contrary  interpretation  based 
on  a  K-A  date  of  134  m.y.  for  the  Shasta  Bally  in- 
trusive requires  nearly  contemporaneous  intrusion  of 
this  rock  and  deposition  of  the  fine-grained  Knoxville 
Formation  within  25  miles  (Curtis  and  others,  1958). 
However,  it  scarcely  seems  possible  that  the  batholith 
was  intruded,  uplifted,  stripped  of  a  thick  cover,  and 
yet  retained  considerable  relief  while  the  conformable 
miogeosynclinal  sequence  was  encroaching  on  it;  thus, 
the  correlation  of  the  palcontologic  and  K-A  date 
seems  suspect.  If  we  assume  that  the  Knoxville  is 
younger  than  the  earliest  phases  of  the  Nevadan  orog- 
eny, during  which  the  Galice  Formation  and  older 
rocks  of  the  Klamath— Sierra  Nevada  were  folded, 
faulted,  intruded,  and  eroded,  the  oldest  part  of  the 
Franciscan  probabh'  was  formed  of  debris  eroded  dur- 
ing this  period.  Thus,  the  oldest  part  of  the  Franciscan 
probably  is  younger  than  the  Galice  Formation  (late 
Oxfordian  to  middle  Kimmeridgian)  and  older  than 
the  Knoxville  Formation  (Tithonian).  The  geographic 
extent  of  these  Franciscan  rocks  west  of  and  parallel 
to  the  Klamath  Mountains  and  Sierra  Nevada  for  hun- 
dreds of  miles,  is  a  suitable  position  for  collection  of 
the  erosion  products;  and  the  composition  of  the  older 
Franciscan  gra>-wacke,  w  ith  its  general  lack  of  K-feld- 
spar, is  compatible  with  derivation  from  a  nearby 
rising  metamorphic  terrane. 

Relation  to  Rocks  of  the  Knoxville  Formation 

If  some  of  the  Franciscan  in  the  eastern  area  close  to 
the  miogeosynclinal  strata  of  the  Great  Valley  is  pre- 
Knoxville  in  age,  as  has  been  suggested,  it  is  reasonable 
to  wonder  if  Franciscan  rocks  grade  upward  into  the 
Knoxville,  as  suggested  by  Taliaferro  (1943a,  p.  194, 
208-212),  or  if  in  some  places  they  are  unconformably 
overlain  by  the  Knoxville.  These  seemingly  simple 
queries  prove  to  be  surprisingly  difficult  to  answer. 
That  Franciscan  rocks  lie  below  Knoxville  rocks  is 
most  clearly  established  in  the  Diablo  Range,  especially 
at  Mount  Diablo,  where  a  piercement  of  the  I-rancis- 
can  has  been  pushed  upward  through  an  arch  of  fos- 
siliferous  Knoxville  and  younger  strata  (fig.  30).  Here, 
as  elsewhere,  the  Franciscan  rocks  are  highly  deformed 
in  contrast  with  the  structurally  simple,  broad  flexure 
of  Great  Valle\-  strata  which  they  intrude.  This  dif- 
ference in  degree  of  deformation  suggests  that  the 
Franciscan  has  been  subject  to  deformation  prior  to 
deposition  of  the  Knoxville.  However,  this  difference 
should  be  interpreted  with  caution  as  elsewhere  Fran- 
ciscan rocks  of  Cretaceous  age  are  more  deformed 
than  are  adjacent  older  or  coeval  rocks  of  the  Great 
Valley  sequence,  therefore  indicating  that  the  struc- 
tural history  was  very  complex  and  that  intense  defor- 
mation is  not  indicative  of  age. 

One  problem  in  determining  the  relation  of  the 
Franciscan  to  the  Knoxville,  however,  arises  from  the 
lack  of  agreement  about  what  features  are  diagnostic 


146 


California  Division  of  Mines  and  Geology 


I  Bull.  183 


of  rocks  of  the  two  facies.  We  have  indicated  that  in 
some  places  greenstone  and  chert  are  interlayered  with 
thick  sections  of  clay  shales  containing  Upper  Jurassic 
fossils;  the  clastic  rocks  are  like  those  of  the  miogeo- 
synclinal  facies,  hut  the  greenstone  and  chert  are  typi- 
cal of  the  eugeosynclinal  facies.  Such  sequences  are 
generally  assigned  to  the  Knoxville  Formation  because 
of  the  abundance  of  fossils.  The  occurrence  of  these 
hvbrid  rocks  in  the  lower  part  of  the  Knoxville  led 
Taliaferro  to  treat  the  Franciscan  and  Knoxville  to- 
gether as  the  Franciscan-Knoxville  Group  (Taliaferro. 
1943a,  p.  214),  and  he  believed  that  these  occurrences 
indicated  gradational  relations,  with  the  Knoxville  ly- 
ing above  older  parts  of  the  Franciscan.  In  the  Ni- 
ponio,  Wilbur  Springs,  and  Morgan  Valley  quadran- 
gles, cited  by  Taliaferro  as  places  where  the  Knoxville 
grades  downward  to  the  P'ranciscan,  we  believe  the 
gradational  relation  is  far  from  clear.  In  these  areas  the 
fossiliferous  Knoxville,  containing  greenstone  and 
chert,  is  the  lower  part  of  a  virtually  conformable 
miogeosynclinal  sequence,  but  the  Knoxville  does  not 
grade  downward  into  a  typical  assemblage  of  Fran- 
ciscan graywacke.  T\pical  Franciscan  rocks  are  either 
separated  from  the  Knoxville  rocks  by  a  fault  or  by  a 
serpentine  mass,  and  these  Franciscan  rocks  are  con- 
siderably more  deformed.  Because  of  the  prevalence 
of  faults  or  serpentine  between  rocks  of  the  two  facies, 
we  knoM"  of  no  place  where  one  can  see  a  gradation 
from  typical  Franciscan  rocks  into  the  Knoxville,  if 
the  latter  is  defined  on  the  basis  of  the  character  of  its 
.sedimentary  rocks  or  its  relation  to  younger  miogeo- 
synclinal rocks,  rather  than  on  the  basis  of  the  occur- 
rence of  greenstone  or  chert. 

Unconformable  relations,  with  Knoxville  deposited 
on  deformed  Franciscan,  have  also  been  described.  In 
the  Hayward  quadrangle  (Robinson,  1956)  and  the 
Panoche  Valley  quadrangle  (Enos,  1963)  supposed 
Franciscan  rocks,  consisting  of  tuff,  tuff-breccia,  and 
pillow  accumulations  of  keratophyre  and  other  vol- 
canic rocks,  are  overlain  by  fossiliferous  Upper  Jurassic 
conglomerate,  sandstone,  and  shale  of  the  Great  \'alle\ 
sequence.  The  relation  of  these  volcanic  rocks  to 
nearby  Franciscan  sedimentary  rocks,  some  of  which 
are  metamorphosed,  is  either  one  of  juxtaposition  by 
faulting  or  else  is  indeterminable.  Thus,  w  hile  struc- 
tural c\idence  seems  to  indicate  that  some  Franciscan 
rocks  are  pre-Knoxville  in  age,  we  feel  that  now  here 
has  a  depositional  contact,  either  conformable  or  un- 
conformable, of  Knoxville  rocks  on  typical  Franciscan 
sedimentary  rocks,  been  demonstrated. 

Upper  Age  Limit 

The  upper  age  limit  of  the  Franciscan  also  cannot 
be  determined  precisely.  Fossils  of  Late  Cretaceous 
(Turonian)  age,  found  in  a  typical  eugeos\nclinal 
assemblage  in  the  Skaggs  quadrangle,  indicate  the  eu- 
geos\nclinal  environment  persisted  at  least  until  1  uro- 
nian  time.  Somewhat  younger  fossils  of  Campanian 
age  have  been  found  in  argillite  associated  with  gray- 


wacke in  rocks  mapped  as  Franciscan  on  the  Marin 
peninsula.  These  rocks,  however,  are  not  typical 
Franciscan  sedimentary  rocks  as  they  are  in  thin,  well- 
defined  beds,  are  cleaner,  and  are  not  known  to  be 
directh-  associated  with  mafic  volcanic  rocks  or  chert, 
so  their  assignment  to  the  Franciscan  eugeosynclinal 
rocks  is  open  to  question. 

As  was  the  case  with  the  older  Franciscan  rocks, 
difficulties  are  encountered  when  one  looks  for  places 
w  here  the  younger  Franciscan  rocks  grade  to  the 
Great  Valley  sequence.  Franciscan  rocks  of  mid-Cre- 
taceous age  occur  principally  along  the  western  part 
of  the  outcrop  belt  from  the  San  Juan  Bautista  quad- 
rangle northward  to  Trinidad  Head.  A  large  part  of 
this  area  is  occupied  by  the  "coastal  belt"  rocks,  which 
are  intermediate  in  character  between  the  typical 
Franciscan  rocks  and  the  Great  \'alley  sequence,  but 
south  of  Healdsburg  much  of  the  Franciscan  is  a  typi- 
cal eugeosynclinal  assemblage.  Miogeosynclinal  strata 
of  post-Franciscan  (late  Late  Cretaceous)  age  occur  in 
this  area  in  several  places,  for  example,  on  the  divide 
west  of  New  Almaden  (Los  Gatos  quadrangle),  on 
the  Stanford  University  campus  (Palo  Alto  quadran- 
gle), probably  at  San  Bruno  Alountain  (San  Mateo 
quadrangle),  and  in  the  Mount  Tamalpais  and  Peta- 
luma  quadrangles;  but  no  gradational  relations  betw  een 
these  rocks  and  the  Franciscan  rocks  have  been  recog- 
nized. The  eugeosynclinal  Franciscan  rocks  of  the  San 
Prancisco  Ba\'  area  are,  at  least  in  part,  time  equiva- 
lents of  the  "coastal  belt"  rocks  farther  north,  but 
mapping  is  too  incomplete  to  permit  an  understanding 
of  the  exact  facies  relations.  Similarly,  the  "coastal 
belt"  rocks  may  be  conformably  overlain  by  the  Late 
Cretaceous  Yager  Formation  of  Ogle  (1953),  though 
here  also  mapping  is  too  sketchy  to  confirm  this. 

It  is  curious  that  nowhere  does  the  Franciscan 
clearly  grade  either  laterally  or  vertically  into  the 
Cncat  \'alle\'  sequence,  despite  the  fact  that  the  two 
facies  were  being  deposited  contemporaneousl% 
through  an  appreciable  segment  of  geologic  time. 
Fqualh  curious  is  the  fact  that  nowhere  has  the  Fran- 
ciscan been  found  to  lie  depositionally  on  the  Great 
\'allc\'  sequence,  even  though  the  youngest  Franciscan 
rocks  are  clearly  younger  than  some  parts  of  the 
Great  \'allc\   sequence. 

Source  of  the  Franciscan  Sediments 

The  source  of  the  older,  prc-Knowillc,  P'ranciscan 
rocks  seems  most  likel\-  to  be  the  ancestral  Klamath 
Mountains  and  Sierra  Nevada  lying  east  of  the  deposi- 
tional area.  The  source  of  some  of  the  debris  forming 
the  \ounger  Franciscan  rocks  probabl\  also  la\'  in  the 
same  area,  but  it  seems  unlikely  that  this  could  have 
been  the  source  of  all  the  younger  Franciscan  rocks. 
Specificall\',  in  the  San  P'rancisco  area,  west  of  the 
Ha\\vard  fault,  Franciscan  rocks  of  mid-Cretaceous 
age  commonly  contain  little  or  no  K-feldspar.  in  con- 
trast to  the  several  percent  generall\-  found  in  strata  of 
similar  age  in  the  Great  Valle_\-  sequence  in  the  East 
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Bav  area  and  elsewhere.  As  the  Great  Valley  sequence 
undoubtedly  was  derived  from  erosion  of  the  Klam- 
ath-Sierra Nevada  terrane,  it  seems  improbable  that  the 
dissimilar  Franciscan  rocks  of  the  Bay  area  had  the 
same  source.  Thus,  for  these  rocks,  we  must  look  for  a 
different  source  area  to  the  east  or  for  a  western 
source.  Either  of  these  seems  to  be  a  possibility.  Dur- 
ing mid-Crctaceous  time  the  block  west  of  the  San 
Andreas  fault  probably  was  subjected  to  erosion  and 
may  have  shed  sediment  to  the  east,  or  the  source  may 
have  been  the  uplifted  central  part  of  the  Diablo 
Range,  since  a  stratigraphic  hiatus  in  the  Great  \^alley 
sequence  on  its  east  flank  indicates  that  this  area  may 
have  been  subject  to  erosion  at  some  time  during  the 
interval  from  Hautcrivian  to  Cenomanian.  The  average 
K-feldspar  content  of  the  "coastal  belt"  rocks  farther 
north  is  compatible  with  their  having  the  same 
source  as  the  miogeosynclinal  rocks  of  similar  age,  but 
this  belt  contains  a  larger  proportion  of  graywackes 
with  no  K-feldspar,  ^\-hich  may  indicate  some  deriva- 
tion from  a  western  source   or  cannibalism  of  local 


exposures  of  older  Franciscan  rocks.  The  uncertainties 
regarding  source  area  can  perhaps  be  removed  by  care- 
ful heavy  mineral  studies,  but  the  data  now  available 
arc  inadequate. 

In  summar\-,  the  oldest  Franciscan  rocks  seem  likel_\' 
to  be  older  than  latest  Jurassic  (Tithonian)  on  the 
basis  of  their  occurrence  beneath  the  Knoxville,  their 
greater  degree  of  deformation  and  metamorphisni, 
their  lack  of  K-feldspar,  and  their  appearing  to  have 
been  formed  of  the  debris  eroded  from  the  deformed 
Klamath  Mountains  and  Sierra  Nevada  during  and  im- 
mediatel}'  after  the  earliest  phase  of  the  Nevadan  revo- 
lution. None  of  these  criteria  alone  is  conclusive,  but 
considered  together  the)'  make  a  pre-Knoxville  age  for 
the  eastern  Franciscan  rocks  a  strong  probabilit\'.  The 
present  distribution  of  the  pre-Knoxville  Franciscan  is 
shown  on  figure  24,  1.  The  youngest  Franciscan  rocks 
are  at  least  Turonian  in  age  as  indicated  by  fossils,  and 
these  rocks  occur  in  the  western  part  of  the  outcrop 
belt.  Scattered  occurrences  of  fossils  of  Late  Jurassic, 
Earl\-    Cretaceous,   and   Late   Cretaceous   ages   in   tiie 


Photo  77.      Shear 
se  to  landslides. 


zone   showing    scottered    tectonic    blocks   of   schist   and    other    hard    rocks 


of    sheared,    soft    rocks. 
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Franciscan  suggest  that  cugeosynclinal  rocks  were  be- 
ing deposited  somewhere  in  the  Coast  Ranges  at  all 
times  from  pre-Tithonian  through  Turonian  time  (see 
fig.  24,  2,  3,4,  5).  x\lthough  we  believe  it  is  possible  to 
identify  areas  of  deposition  of  "older"  and  "younger" 
Franciscan  rocks,  we  are  unable  to  place  rigid  temporal 
or  spatial  boundaries  on  these  rv\o  units  at  this  time. 
Gradational  relations  between  the  eugeosynclinal  Fran- 
ciscan rocks  and  the  coeval  Great  \'alley  miogeosyn- 
clinal  rocks  have  not  yet  been  found.  The  older 
Franciscan  rocks  probably  were  derived  from  a  land- 
mass  to  the  east,  and  although  an  eastern  source  for 
some  of  the  younger  Franciscan  rocks  is  indicated, 
for  others  either  a  western  source  or  cannibalism  of 
uplifted  older  Franciscan  rocks  is  required. 

STRUCTURES 

On  previous  pages  we  have  suggested  the  most  likely 
ages  for  Franciscan  rocks  found  in  various  areas  and 
have  mentioned  the  relation  of  older  and  younger 
parts  of  the  Franciscan  to  the  partly  contemporaneous 
Great  V'alley  sequence.  To  readers  who  are  not  fa- 
miliar w  ith  the  structural  complexities  involved,  it  ma\' 
seem  strange  that,  in  spite  of  the  scarcity  of  fossils, 
these  different  ages  had  not  become  apparent  earlier 
through  the  application  of  normal  stratigraphic  and 
structural  methods.  For  these  readers  additional  back- 
ground regarding  the  structural  complexities  must  be 
provided  before  we  discuss  the  late  .Mesozoic  history 
of  the  Coast  Ranges.  The  follow  ing  paragraphs  first 
briefly  describe  some  of  the  more  unusual  internal 
structural  features  of  the  Franciscan  rocks  and  explain 
why  normal  stratigraphic  methods  are  almost  useless 
in  determining  the  broader  structures  within  the  as- 
semblage of  Franciscan  rocks.  Then,  the  major  struc- 
tural units  in  the  Coast  Ranges  are  outlined  to  show 
their  relation  to  the  Franciscan  rocks  and  to  the 
problems  posed  by  the  present  distribution  of  the 
Franciscan. 

Structures  in  Franciscan  Rocks 
Both  major  and  minor  structures  in  nearly  all  areas 
of  Franciscan  rocks  are  inadequately  understood,  in 
spite  of  the  mapping  that  has  been  done  bv  many  com- 
petent geologists  over  a  period  of  more  than  half  a 
ccnturw  This  is  not  a  result  of  poor  exposures  or  lack 
of  effort  but  is  the  result  of  inherent  features  of  the 
rocks.  In  less  well  exposed  areas  in  many  other  regions 
the  major  structures  have  been  ascertained,  and  regions 
that  probablv  have  more  complicated  geology  have 
yielded  their  structural  story  upon  careful  study.  The 
chief  reason  for  our  lack  of  knowledge  of  the  struc- 
ture of  the  Franciscan  results  from  the  persistence  of 
its  heterogeneity.  Although  different  kinds  of  rocks 
are  present,  none,  except  perhaps  the  rare  discontin- 
uous lenses  of  limestone,  are  sufficiently  distinctive  to 
be  used  as  a  key  bed  or  horizon  marker,  nor  ha\c 
unique   .sequences   that   might   be   given    formational 


status  been  recognized.  Thus,  in  mapping  one  must 
resort  to  the  delineation  of  whatever  kinds  of  rocks 
can  be  differentiated  in  each  local  area,  and  because 
of  the  general  primary  irregularity  and  discontinuity' 
of  these  units  even  this  generall\-  fails  to  yield  satisfac- 
tory results.  Partly  as  a  result  of  these  inherent  diffi- 
culties and  partly  because  so  much  of  the  Franciscan 
terrane  is  yet  unmapped  in  detail,  many  major  struc- 
tures doubtless  remain  virtually  unknown.  However, 
enough  is  known  to  warrant  a  few  statements  regard- 
ing the  general  pattern  of  deformation  and  kinds  of 
structures  recognized  in  the  Franciscan. 

Small  structures  that  can  be  seen  in  a  single  outcrop, 
or  a  group  of  closely  spaced  outcrops,  are  better 
known  than  structures  extending  over  larger  areas, 
simply  because  they  can  be  readily  observed  rather 
than  worked  out  bv  mapping.  Among  the  small  struc- 
tures, shears  or  minor  faults  predominate,  and  they  are 
so  common  that  they  can  be  seen  in  nearly  every  ex- 
posure that  is  more  than  a  few  feet  in  size.  Many  of 
the  shears  are  nearly  parallel  to  the  bedding,  and  thus 
form  an  irregular  boudinage  or  disrupt  the  continuity 
of  the  beds.  The  majorit\-  of  these  shears  probabh'  re- 
sult simply  from  the  folding  of  the  strata,  but  some 
have  relations  to  drag  folds  that  indicate  thc\-  have  a 
different  origin.  Less  common,  but  nevertheless  abun- 
dant, are  other  fractures  or  faults  cutting  the  beds  at 
steep  angles.  Irregular  cracks  that  shatter  the  more 
competent  rocks  are  also  a  common  feature  in  parts 
of  the  Coast  Range.  .Many  outcrops  also  exhibit  irreg- 
ularities in  bedding,  either  due  to  folding  or  flowage, 
to  such  an  extent  that  it  is  difficult  to  obtain  any  mean- 
ingful strike  and  dip.  However,  slaty  cleavage  is  gen- 
erally not  developed,  and  the  plunges  of  axes  of  minor 
folds  do  not  seem  to  define  any  pattern  even  locally, 
although  this  has  not  been  tested  by  systematic  map- 
ping. 

Larger  structures  that  must  be  deciphered  bv  map- 
ping are  less  well  known.  .Measurements  of  bedding  or 
delineation  of  lithologies  indicate  the  structural  grain 
trends  northwesterly,  with  what  appear  to  be  the  old- 
est structures  trending  west-northwest  and  younger 
structures  trending  more  nearly  northwest.  Clearly  a 
preponderance  of  the  rocks  dip  eastward,  but  locally 
west  dips  suggest  open  folds.  Mapping  of  distinctive 
rock  units,  such  as  masses  of  greenstone,  reveals  that 
some  major  units  have  a  continuit\'  that  is  surprising  in 
light  of  the  prevalence  of  faults  seen  in  outcrops  or 
roadcuts,  and  thicker  greenstone  masses  can  be  traced 
for  man\'  miles.  The  margins  of  such  mappable  units, 
however,  are  generally  so  irregular  that  it  is  difficult  to 
interpret  their  dip  from  the  relation  of  the  trace  of  the 
contact  to  the  topography.  Rarely  do  lithic  units  map 
out  in  arcuate  siiapes  indicative  of  axial  portions  of 
plunging  folds,  which  suggests  that  dislocation  by 
faulting  in  these  parts  of  the  folds  is  common.  The 
beds  ma\'  be  isoclinallv  folded,  but  dips  arc  generally 
not  near  vertical,  slaty  cleavage  is  rarely  developed, 
and  places  where  beds  have  been  found  to  be  over- 
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terrane.    Looking    north    to    Blue 
dark  area  beneath  skyline  on  left  edge  of   photogr 


turned  are  uncommon.  Although  some  thrust  faults 
have  been  mapped  where  the  Franciscan  overrides 
younger  rocks,  the  mapping  of  various  lithologies 
within  the  Franciscan  has  in  only  a  few  places  revealed 
internal  thrust  faults. 

Steep  northwesterh'  trending  faults  are  a  major,  and 
doubtless  the  dominating,  structure  in  the  Coast 
Ranges.  Some  of  these  faults  with  large  components 
of  strike-slip  movement,  such  as  the  San  Andreas,  Hay- 
ward,  and  perhaps  also  the  Nacimicnto  fault,  are  well 
known;  but  within  the  Franciscan  terrane,  especially 
in  the  northern  Coast  Ranges,  others  with  probably 
large  offset  have  been  identified  though  thc\-  remain 
inadequateh'  mapped.  Other  major  faults  with  similar 
northwestern  strike  but  a  large  vertical  component  of 
displacement  are  believed  to  be  chiefl\-  responsible  for 
the  more  recent  uplift  of  different  blocks  in  the  Coast 
Ranges,  but  where  these  faults  cut  through  the  Fran- 
ciscan it  is  difficult  to  identify  them  unless  younger 
rocks  are  also  present,  or  unless  they  have  recent 
movement  and  topographic  expression. 


Faults  within  the  Franciscan  terrane  are  not  easily 
detected  because  the  trend  of  most  of  them  nearly  co- 
incides with  the  prevalent  structural  grain  that  is  due 
to  folding.  Furthermore,  the  ones  we  suppose  have 
the  greatest  movement  formed  broad  shear  zones  that 
are  not  nearly  as  obvious  as  the  relatively  inconsequen- 
tial faults  seen  in  so  many  roadcuts  or  natural  expo- 
sures. Typical  shear  zones  are  up  to  a  mile  in  width 
with  outward  gradational  relations  with  the  less 
sheared,  normal  Franciscan  rocks.  Such  zones  consist 
of  blocks  of  the  different  harder  varieties  of  Francis- 
can rocks  embedded  in  a  more  sheared  "matrix."  As 
shear  zones  do  not  seem  to  be  appreciably  more  easily 
eroded  than  the  surrounding  rocks,  the  zones  are  as 
likely  to  trend  along  slopes  or  ridges  as  along  canyon 
floors.  Their  presence  is  often  suggested  by  the  blocky 
character  of  the  terrane,  by  the  prevalence  of  land- 
slides, or  by  the  fact  that  they  generally  arc  covered 
with  grassland  which  contrasts  with  the  surrounding 
forest  or  brush.  The  blocks  within  the  zones  range 
in  size  up  to  hundreds  of  feet,  so  that  the  largest  are 
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EXPLANATION 


Area  of  known  crystalline  ba 

Stippled    pattern    there    known    beneath 
younger     rock,     of    Great     Valle, 


Franciscan  rocks 

KJf,  predominant  ly    Late    Jurassic    and    Early 

Cretaceous    age 
Kf,  predo.inan((;y  Middle    Cretaceous    age 
f,     undetermined    a( 

Dashed  pattern  .here  known  unde 


Subsurface  contours  on  basement  rocks  of 
Great  Valley,  showing  depth  in  feet 
below  sea  level 


Figure  29.  Map  showing  principal  structural  features  of  western  California  and  offshore  oreo.  Subsurface  contours  on  basement  rocks  of  Great 
Valley  from  Merrit  Smith  (unpublished).  The  Mendocino  escarpment  is  from  Menard  (1955b),  the  Pioneer  Ridge  fault  from  Menard  (1960),  and  the 
Murray  fracture  zone  from  Menard  (1955a).  Faults  shown  In  southern  California  ore  from  Cohee  (1961).  Areas  of  underwater  bedrock  off  the  coast 
of  southern  California  ore  after  Emery  (1960).  Areas  of  crystalline  bedrock  off  the  coast  of  northern  California  ore  after  Hanno  (1952)  and  Chester- 
man  (1952).  Trend  of  crest  of  magnetic  high  of  the  Great  Valley  after  Irwin  and  Both  (1962).  Foot  of  continental  slope  after  U.S.  Geological 
Survey    map    of   State    of   California,    scale    1:1,000,000,    edition    of    1953. 
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niappnhle  without  exaggerntion  on  a  1 5-minute  quad- 
rangle scale.  Where  such  zones  are  carefull\'  mapped, 
the  diverse  lithologies  of  adjacent  blocks  provide  good 
evidence  for  the  existence  of  the  shear  zone.  Serpen- 
tine commonly  occurs  in  these  zones,  as  also  do  the 
large  rounded  tectonic  inclusions  of  glaucophane  schist 
or  cclogite.  Because  of  the  presence  of  serpentine  and 
the  sheared  nature  of  much  of  the  rock,  landslides  are 
another  characteristic  feature  of  the  shear  zones,  al- 
fiiough  not  all  slides  originate  in  them.  The  recogni- 
tion of  these  shear  zones,  which  are  as  yet  largely  un- 
mapped, is  of  great  importance  in  determining  tiic  geo- 
logic structure,  and  because  of  the  unique  physical 
properties  of  the  shear  zones  their  recognition  is  also 
of  utmost  importance  in  the  planning  of  highways, 
dams,  and  larger  buildings  (Ronilla,  1961  ). 

Larger  Structures  of  Coast  Ranges 

The  preceding  statements  regarding  the  internal 
structures  of  the  Franciscan  indicate  the  difficulty  of 
obtaining  meaningful  structural  data  even  thrf)ugh  de- 
tailed mapping  of  the  Franciscan  rocks.  Such  normally 
simple  things  as  determining  the  positions  of  anticlines 
and  s\nclines  are  made  difficult,  if  not  impossible,  by 
the  local  crumpling  that  leads  to  erratic  strikes  and 
dips,  !)\  the  lack  of  continuity  in  distinguishable  units 
from  one  limb  to  another,  and  by  the  prevalence  of 
faults  in  the  axial  areas.  Even  more  difficult  are  the 
problems  presented  by  the  major  shear  zones,  as  the 
lack  of  recognizable  units  generally  precludes  correla- 
tion across  such  zones.  The  net  result  of  these  com- 
plexities is  that  the  study  of  structures  within  the 
I' ranciscan,  so  far,  permits  only  the  conclusion  that  it 
is  complexly  deformed,  both  by  folding  and  faulting, 
with  the  development  of  a  northwesterly  trending 
grain.  Fortunately  the  larger  structures  of  the  Coast 
Range,  which  are  those  of  greatest  concern  in  working 
out  the  major  events  in  the  geologic  history,  also  in- 
volve the  Great  \'alle\'  sequence  and  other  rocks  that 
do  not  present  this  internal  complexity.  In  the  follow- 
ing paragraphs  we  will  discuss  the  larger  structures 
and  the  structural  units  that  thc\"  define. 

Tcnwies  n-itb  lUni  n-itho/it  crystalline  basement. 
The  major  structural  features  of  western  California 
and  the  related  offshore  area  are  shown  on  figure  29. 
\Mthin  this  area  there  are  two  types  of  structural 
tcrranes:  those  known  from  surface  geology  and  by 
drill  holes  to  have  a  basement  of  crystalline  (meta- 
morphic  or  plutonic)  rock,  and  those  that  are  not 
known  to  be  underlain  by  cr\stallinc  rock  and  which 
may  have  a  basaltic  or  pcridotitic  basement.  Terranes 
with  a  crystalline  basement  locally  have  a  cover  of 
Cretaceous  strata  of  the  Great  Valley  sequence  and 
younger  rock.  The  cover  is  generally  less  than  15,000 
feet  thick  and,  in  most  places,  is  only  broadh'  folded 
and  cut  by  few  major  faults.  In  contrast,  terranes  not 
known  to  be  underlain  by  crystalline  rock  may  contain 
sedimentary   accumulations  which   are  many   tens  of 


thousands  of  feet  thick,  and  they  are  generally  more 
tightly  folded  and  cut  by  more  and  larger  faults.  The 
Franciscan  rocks  are  confined  to  terranes  without 
known  crystalline  basement. 

The  crystalline  basement  of  western  California  con- 
sists of  sedimentary  and  volcanic  rocks  ranging  in  age 
from  Precambrian  or  early  Paleozoic  to  middle  Meso- 
zoic  (middle  Kimmeridgian)  and  intruded  by  granitic 
rocks  of  late  .Mesozoic  age.  These  rocks  are  exposed 
in  the  Klamath  Mountains,  in  the  Sierra  Nevada,  and 
in  a  block  l\"ing  between  the  San  Andreas  and  Naci- 
niicnto  faults.  The  terranes  without  known  crystalline 
basement  are  those  containing  Franciscan  rocks,  but 
in  many  places  these  rocks  arc  extensively  covered  by 
other  sedimentar\'  strata.  As  we  have  indicated,  it 
seems  likely  these  areas  of  Franciscan  rocks  are  under- 
lain only  by  basaltic  substratum  or  ultramafic  rock, 
and  not  by  "cr>  stalline  rocks,"  if  this  term  is  used  to 
apply  to  metamorphic  or  plutonic  igneous  rocks.  The 
contacts  between  the  structural  units  with  these  two 
basements  are,  so  far  as  is  known,  all  faults. 

Western  boundary  of  Khnnatb— Sierra  Nevada  base- 
ment. In  the  northern  Coast  Ranges  the  crystalline 
rocks  of  the  Klamath  Alountains  are  in  fault  contact 
w  ith  Franciscan  rocks  from  the  Oregon  border  south- 
ward  for  150  miles  to  a  point  in  the  southwestern 
part  of  the  Colyear  Springs  quadrangle  (Irwin,  1960, 
p.  60).  South  of  this  point  the  boundary  fault  appar- 
ently divides  into  several  branches,  the  relative  im- 
portance of  which  is  not  yet  clearly  understood.  Two 
branches  extend  into  the  miogeosynclinal  strata  of  the 
northern  Great  Valley  where  they  produce  an  off- 
set of  a  few  miles  that  may  be  interpreted  either  as 
left-lateral  strike  slip  or  down  on  the  northeastern 
side.  Although  the  Knoxvillc  strata  that  are  prominent 
on  the  west  side  of  the  northern  Great  \'alley  have 
been  reported  to  extend  across  these  faults,  no  Upper 
Jurassic  fossils  have  been  found  north  of  them.  The 
amount  of  offset  along  these  branches,  indicated  in  the 
Great  X'alley  sequence,  seems  inadequate  to  explain  the 
major  separation  of  the  Klamath  Mountains  and  Coast 
Range  rocks  and  suggests  either  a  major  movement  in 
pre-Knf)xville  time,  or  a  later  movement  that  has  been 
taken  up  by  another  branch  fault.  A  third  branch  of 
the  major  fault  probably  does  diverge  at  about  the 
same  point  and  follows  the  great  serpentine  mass  that 
extends  southward  marking  the  general  boundary  be- 
tween the  Franciscan  and  the  Great  \'allc\-  sequence. 
Unfortunately  the  movement  along  this  branch  has 
not  been  determined.  This  boundary ,  however,  should 
not  be  interpreted  as  the  western  extent  of  the  crystal- 
line basement,  for  geophysical  data  suggest  this  base- 
ment terminates  beneath  miogeos\nclinal  rocks  farther 
east  in  the  central  part  of  the  Cireat  Valley.  From  the 
Colyear  Springs  quadrangle  southward,  all  the  way  to 
the  mountains  south  of  Bakersfield,  the  position  of  the 
v\'estern  edge  of  the  crystalline  basement  is  not  known. 
Wells  drilled  along  the  ea.st  side  of  the  Great  Valley 
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Photo  79.      Aerial 
Prominent  valley  folic 
the  fault  are  Franciscc 


w    north   along   coast  from   a    point    just   south    of   Ocean    Cove,    Plantation    i 
path    of  the   Son    Andreas   fault.    Rock   to   the    left   of    fault    are    Gualala    Fc 


odrongle,    about    35    milei 
lotion    of    Weaver    (1943); 


h    of     Pt.     Arena, 
to    the    right    of 


h;ivc  reached  crystalline  basement  at  depths  of  12,000 
feet  and  less,  but  on  the  western  side  the  sedimentary 
strata  are  so  thick  that  the  rocks  underlying  them 
have  not  been  reached. 

Sa7i  Andreas  fault,  wester?!  boundary  of  some  rocks 
without  crystallme  basevtent.  The  San  Andreas  fault 
is  the  western  limit  of  the  thick  sedimentary  prism 
with  unknown  basement.  This  prism  includes  the 
Franciscan  of  the  northern  Coast  Ranges  and  Diablo 
Range  and  the  overlying  portions  of  the  Great  Valley 
sequence.  The  San  Andreas  fault  cuts  gradually  from 
the  eastern  to  the  western  side  of  the  Coast  Ranges 
as  it  trends  northward  from  the  south  end  of  the 
Great  Valley  to  Point  Arena.  Where  or  how  far  it 
goes  beneath  the  Pacific  Ocean  is  controversial.  Some 
geologists,  for  example  Tocher  (1956),  point  to  the 
occurrence  of  earthquake  epicenters  along  its  pro- 
jection north  of  the  Alendocino  escarpment  as  indi- 
cating that  the  fault  goes  past  this  great  crustal  feature. 


while  Shepard  (1957),  notes  the  occurrence  of  epi- 
centers to  the  west  along  the  escarpment,  and  the  lack 
of  disruption  of  submarine  topography  or  geomag- 
netic anomalies  north  of  the  escarpment,  as  indicating 
that  the  fault  turns  westward  into  the  Alendocino 
escarpment.  In  either  case,  throughout  its  Coast  Range 
extent,  and  b>'  inference  in  its  offshore  extent,  the  San 
Andreas  fault  separates  t\\  o  distinctly  different  struc- 
tural units.  On  the  west  side  is  a  crystalline  block 
w  ith  granitic  plutons  and  no  known  sedimentary  rocks 
of  Late  Jurassic  to  Late  Cretaceous  (pre-Campanian) 
age;  on  the  east  is  a  vast  thickness  of  Late  Jurassic  to 
Late  Cretaceous  eugeosynclinal  and  miogeosynclinal 
strata.  Obviously  the  San  Andreas  fault  is  a  major 
crustal  structure  that  plays  an  important  part  in  the 
late  Mesozoic  history  of  the  Coast  Ranges,  and  in  a 
later  part  of  this  report  we  will  discuss  various  ideas 
regarding  its  origin  and  the  supposed  large  lateral 
displacement  along  it. 
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»iew    southeast    along    the    path    of    the    San    And 
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Nachiiknto  fault,  western  boundary  of  a  sliver  with 
crystallive  basement.  The  crystalline  block  lying  west 
of  the  San  Andreas  fault  is  a  sliver  onl\'  al)out  40  miles 
wide  hut  at  least  300  miles  long.  It  is  bounded  on  its 
w  cstern  side  b\-  the  Nacimiento  fault,  which  extends 
on  land  from  near  the  northeastern  corner  of  Santa 
Barbara  County  northward  to  Point  Sur,  and  probably 
continues  northward  beneath  the  ocean  a  similar  dis- 
tance. The  Nacimiento  fault  is  not  so  well  defined  as 
the  San  Andreas  fault,  for  in  some  places  the  Naci- 
miento is  overlapped  by  Late  Cretaceous  or  \ounger 
strata  through  which  no  continuous  break  has  been 
found.  Its  continuitN'  as  a  single  fault  has  not  been 
verified  by  mapping  cither  along  its  central  part, 
southwest  of  Paso  Robles,  or  at  its  southern  end  where 
it  probabl\-  joins  the  Big  Pine  fault.  Unlike  the  San 
.\ndreas  fault,  it  has  no  record  of  recent  movement, 
nor  has  it  been  the  locus  for  earthquakes.  The  crystal- 
line block  e.vtends  north  at  least  as  far  as  the  granitic 


as    fault.    Bodega    Bay    in 
Franciscan    overlain     by    Me 


Farallon  Islands,  and  granitic  rocks  have  been  reco- 
ered  by  dredging  northwest  of  Point  Reyes  (Hanna, 
1951).  An  extension  still  farther  northward  is  sug- 
gested by  the  occurrence  of  8-foot  granite  boulders 
in  the  Gualala  Series  of  Weaver  (1943)  near  Black 
Point  (Plantation  quadrangle).  The  projection  of  the 
Nacimiento  fault  reaches  the  continental  margin  near 
the  latitude  of  the  mouth  of  the  Russian  River,  and, 
as  the  continental  margin  extends  north  from  this 
point  nearly  in  line  with  the  fault,  the  Nacimiento 
fault  ma\'  form  the  continental  margin  northw  ard  to 
the  .Mendocino  escarpment.  Creat  lateral  movement  on 
the  Nacimiento  fault  has  not  been  seriousl\-  proposed, 
but  the  occurrence  of  metaniorphic  rocks  of  the 
granulite  and  amphibolitc  facics  on  Cone  Peak  in  the 
Santa  Lucia  Range  (Compton,  1960,  p.  634)  indicates 
the  cr\stalline  block  must  ha\c  been  uplifted  many 
miles  relative  to  the  unmetaniDiphoscd  rocks  lying  on 
either  side  of  it. 
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Area  zi-cst  of  Nachiiiento  fault,  iiithoiit  crystalline 
baseiiieiit.  West  of  the  Nacimiento  fault  is  another 
area  of  thick  sedimentary  rock  resting  on  unknown 
basement.  There  Franciscan  rocks  are  prominentl\- 
exposed  in  a  narrow  sliver  extending  northward  from 
San  Luis  Obispo  to  Point  Sur,  and  they  also  crop  out 
to  the  south  in  a  few  places  in  the  Transverse  Ranges 
as  far  east  as  Santa  Barbara.  South  of  this  point,  the 
Franciscan  eugeosxnclinal  assemblage  is  represented 
only  by  metamorphic  rocks  exposed  in  the  Palos 
\'erdes  Hills  and  on  Santa  Catalina  Island.  Thus,  the 
area  of  exposure  of  Franciscan  rocks  west  of  the 
Nacimiento  fault  is  small  as  compared  to  the  area  east 
of  the  San  Andreas  fault,  but,  if  the  Franciscan  extends 
to  the  edge  of  the  wide  submerged  continental  plat- 
form off  the  southern  coast  (fig.  29),  the  two  areas 
w  ith  unknown  basement  are  comparable  in  size. 

In  addition  to  these  great  faults  which  separate  the 
main  structural  blocks  of  the  Coast  Ranges  there  are 
a  few  other  major  features  that  either  are  responsible 
for  the  gross  distribution  of  the  rocks  or  at  least  per- 
tain to  their  gross  distribution. 

Mendocino  escarpment.  Studies  of  the  Pacific 
Ocean  basin  made  in  recent  years  have  indicated  the 
presence  of  major  crustal  breaks  lying  offshore  from 
the  Coast  Ranges  and  trending  nearly  east,  in  contrast 
to  the  northwesterly  grain  of  the  Coast  Ranges.  At 
least  one  of  these,  the  Alendocino  escarpment  that  has 
been  previously  mentioned,  offsets  the  continental 
margin  and  seems  surely  to  have  some  bearing  on  the 
distribution  of  the  structural  units  of  the  Coast  Range. 
Other  crustal  breaks  such  as  the  Murray  and  Pioneer 
Ridge  fracture  zones  (fig.  29),  have  not  been  shown  to 
reach  the  continental  margin  and  thus  are  neglected  in 
this  report. 

The  Mendocino  escarpment,  which  extends  west- 
ward from  the  California  coast  for  at  least  1,400  miles, 
is  interpreted  as  a  fault  along  which  the  north  block  is 
upthrow  n  so  that  the  ocean  floor  on  the  north  side  is 
about  half  a  mile  higher  than  the  floor  to  the  south 
(Menard,  1955b).  According  to  \'acquier.  Raff,  and 
\\'arren  (1961),  a  match  of  the  geomagnetic  anomalies 
on  the  two  sides  of  the  escarpment  indicates  a  left- 
lateral  slip  of  735  miles  along  the  escarpment.  The  con- 
tinental margin,  however,  shows  offset  of  about  75 
miles  in  a  riirht-lateral  sense  (fig.  29),  and  a  swing  in 
trend  of  the  geomagnetic  anomaly  pattern  over  the 
continental  shelf  from  south  to  southwest  as  the  es- 
carpment is  approached  from  the  north  (iMason  and 
Raff,  1961,  p.  1260)  also  suggests  drag  due  to  right- 
lateral  movement.  An  onshore  continuation  of  this 
fault  zone  is  indicated  b\-  an  cast-trending  fault  extend- 
ing inland  from  Petrolia  (Cape  Mendocino  quad- 
rangle), along  which  there  appears  to  be  a  post-Late 
Cretaceous  right-lateral  offset  of  12  miles.  Farther  in- 
land the  fault  separating  the  crystalline  rocks  of  the 
Klamath  Mountains  from  the  Franciscan  rocks  to  the 
west  turns  abruptly  from  the  south-southeastern  trend. 


along  which  the  fault  extended  south  from  the  Ore- 
gon boundary,  to  an  east-southeasterly  trend  at  the 
point  where  the  fault  would  intersect  an  eastward  pro- 
longation of  the  Mendocino  escarpment  fault  zone. 
West  of  this  turn,  how  ever,  no  evidence  of  an  easterh" 
trending  fault  has  been  found  in  the  Franciscan. 

Hayii-ard  fault.  The  terrane  east  of  the  San  An- 
dreas fault  is  divided  into  two  somewhat  different 
structural  units  b\-  the  Hayward  fault,  which  branches 
eastward  from  the  San  Andreas  fault  about  35  miles 
southeast  of  Hollister  (fig.  29).  This  fault  is  similar  to 
the  San  Andreas  in  having  recent  right-lateral  move- 
ment and  being  currentl\-  active.  From  its  point  of 
di\-ergence  from  the  San  .\ndreas,  the  Hayward  fault 
extends  northward  through  Hollister,  along  the  west 
side  of  part  of  the  Diablo  Range,  and  through  the 
campus  of  the  L'niversit\  of  California  at  Berkeley. 
Its  path  north  of  Berkele\-  is  not  well-known,  but  it 
may  continue  as  either  a  single  fault  or  a  series  of  en 
echelon  faults  along  the  eastern  limits  of  tiie  "coastal 
belt"  rocks.  Along  its  known  path  the  Ha\'ward  fault 
separates  a  much  faulted  western  area  of  dominantly 
mid-Cretaceous  Franciscan  rocks  from  a  less  faulted 
area  in  w  hich  older  Franciscan  rocks  are  partly  over- 
lain by  Upper  Jurassic  through  Cretaceous  strata  of 
the  Great  V^alley  sequence. 

Diablo  antiform.  The  rocks  extending  from  near 
Parkfield  to  iMount  Diablo,  east  of  the  known  path  of 
the  Hayward  fault,  are  broadh'  folded  into  an  arch 
which  in  this  report  we  designate  the  Diablo  anti- 
form  (fig.  29).  The  axis  of  the  Diablo  antiform  trends 
northwest,  along  the  middle  of  the  area  containing 
rocks  ^\•e  have  referred  to  as  older  Franciscan.  As 
the  crest  of  the  antiform  has  been  breached  along 
much  of  the  Diablo  Range  by  erosion  of  either  broad 
folds  or  piercements,  the  Franciscan  that  normally  lies 
below  the  mantle  of  the  Great  \'alley  sequence  is 
wideK-  exposed  along  the  axial  part.  North  of  Mount 
Diablo  the  antiform  is  not  so  well  defined,  but  as  far 
north  as  Clear  Lake  the  gross  form  of  the  arch  can  be 
deduced  from  the  fragmentary  remnants  of  the  mantle 
of  miogeos\nclinal  rocks.  Although  the  antiform  ver>" 
likely  extends  north  of  Clear  Lake,  insufficient  struc- 
tural information  is  available  to  accurately  plot  the  po- 
sition of  its  axis  through  the  northern  Coast  Ranges. 

Broad  en  echelon  cross  folds  and  piercements  are 
prominent  structures  along  the  Diablo  antiform.  The 
folds  are  clearly  developed  in  the  Great  \'alley  se- 
quence and  in  the  Tertiar\',  but  they  are  less  readily 
apparent  in  the  Franciscan.  They  trend  southeast,  di- 
verging at  low  angles  from  the  trend  of  the  Diablo 
antiform  and  San  .\ndreas  fault,  and  plunge  gcntl\-  to- 
w  ard  the  Great  \'alley.  In  the  northern  Coast  Ranges 
the  best  documented  fold  of  this  system  is  in  the  Wil- 
bur Springs  quadrangle.  There  the  Upper  Jurassic  and 
Lower  Cretaceous  units  of  the  Cireat  \'alley  sequence 
are  folded  into  an  antiform  and  complimentary  syn- 
torm  that  plunge  southeast,  with  serpentine  and  Fran- 
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ciscnn  rocks  undcrl\ing  the  Knoxvillc  and  forniing  the 
core  of  the  antiforni;  but  the  folds  are  barely  e\ident 
in  the  overlying  Upper  Cretaceous  unit  of  the  Great 
\'alle\-  sequence.  In  the  southern  Coast  Ranges  the 
major  folds  of  this  system  are  evident  chiefly  along  the 
southern  part  of  the  Dia()lo  Range  where  the\'  arc 
shown  mainl\-  b\-  the  Upper  Cretaceous  of  the  Great 
\'alle\-  sequence  and  by  the  Tertiary  strata. 

Plerccineiit  structures.  Piercemcnt  structures  ha\c 
been  described  chiefly  in  connection  w  ith  the  stud\'  of 
quicksilver  deposits  of  the  southern  Coast  Ranges. 
.Most  of  these  are  internally  comple.\  structures  in  tiie 
core  of  the  Diablo  antiform,  and  they  consist  of  ser- 
pentine and  other  Franciscan  rocks  that  have  punched 
upw  ard  through  the  overlying  rocks  of  the  Great  \'al- 
ley  sequence.  Alount  Diablo  is  a  piercemcnt  that  con- 
sists essentially  of  an  oval  area  of  Franciscan  rocks  and 
diabase  separated  by  a  band  of  serpentine.  These  rocks 
arc  bounded  around  the  base  of  the  mountain  b\'  steep 
faults  and  arc  surrounded  b\-  strata  of  the  Great  \'al- 


ufhern    shore    of    Clear    Lake    In    the    Kelseyville    quadrangle.    Both    the 
the    Quien    Sobe    quadrangle    are    along    the    axial     port    of    the    Diablo 


ley  sequence  that  generally  dip  steeply  away  from  the 
boundary  faults  (fig.  30).  The  New  Idria  piercemcnt 
in  the  southern  part  of  the  Dialilo  Range  consists  of 
an  ovate  mass  of  serpentine,  with  a  thin  cover  of 
Franciscan  rocks  in  its  southern  part,  that  has  pushed 
up  through  and  locall\-  overturned  Cretaceous  strata 
of  the  Great  \'alley  sequence  (fig.  31).  The  pierce- 
mcnt is  nearly  15  miles  long,  over  4  miles  wide,  and 
elongate  in  a  west-northwesterly  direction.  It  is  be- 
lie\ed  to  have  pushed  upward  to  the  surface  in  sev- 
eral different  periods,  as  abundant  serpentine  debris  oc- 
curs in  nearby  rocks  of  Late  Cretaceous,  late  middle 
-Miocene,  and  Pliocene  age  (Eckel  and  A'leyers,  1946, 
p.  94-95).  Another  piercemcnt  of  smaller  size  that  oc- 
curs northeast  of  Parkfield  consists  entirely  of  serpen- 
tine; it  intrudes  rocks  as  young  as  Miocene  (Bailey, 
1942).  Page  and  others  (1951)  describe  a  piercemcnt 
in  the  area  north  of  Santa  Barbara  that  differs  in  that 
It  consists  entirely  of  Franciscan  rocks  with  the  harder 
\  arieties  forming  cohesive  masses  in  a  matrix  of  sheared 
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Figure  30.      Idealized  cross  section  of  Mount  Diablo,  in  part  after  Pampeyan  (1963)  and  Taliaferro  (1943b). 


Photo  82  (below).  Aerial  view  east  toward  Mt.  Diablo  from 
Franciscan  rocks  into  arched  rocks  of  the  Great  Valley  sequenc 
Buchio   piochii   and    have   been   assigned   to   the    Knoxville. 


point  5    miles    northwest    of    Walnut    Creek.    Mt.    Diablo    is    a    diapiric    intrusion   of 
The    oldest    rocks    of    the    sequence    intruded     here     are     block    shales    containing 
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sh;ilc.  Such  piciccnicnts  m;iy  be  more  coinnion  within 
Franciscan  terranes  than  has  been  supposed  since  these 
piercenients  would  be  difficult  to  recognize  unless  the\" 
intruded  some  other  kind  of  rock.  Also  not  generall\' 
recognized  as  a  piercement,  perhaps  because  of  its 
large  size,  is  the  entire  Franciscan  core  of  the  Diablo 
Range.  This  core  is  in  most  places  separated  from 
strata  of  the  Great  Valley  sequence  by  steep  faults, 
some  of  \\  hich  dip  inward  and  have  reverse  mo\ement 
(Leith.  1949;  Briggs,  1953a;  Maddock,  1955;  Schilling. 
1962). 

Reverse  fciiilts.  Within  the  structural  units  with 
unknown  basement,  particularly  close  to  the  San  An- 
dreas and  Nacimiento  faults,  there  are  many  other 
steep,  nearly  parallel  faults.  Many  of  these  have  been 
mapped  as  high-angle  reverse  faults,  with  the  Francis- 
can rocks  overriding  the  Great  Valley  sequence  and 
fither  rocks  as  young  as  Tertiary  (Taliaferro,  1943b, 
pi.  II).  The  system  of  high-angle  reverse  faulting  is 
not  clear,  but  if  one  accepts  the  interpretation  of  the 
faults  shown  on  available  maps  and  cross  sections,  the 
reverse  faults  of  the  Coast  Ranges  tend  most  com- 
monl\"  to  follow  the  flanks  and  dip  toward  the  a.xes  of 
the  major  ranges.  This  pattern  suggests  crustal  short- 
ening from  east  to  west,  with  a  resulting  elevation  of 
horst-like  mountain  blocks  between  opposing  reverse 
faults. 

Thrust  fiji/lts.  Low-angle  thrust  faults  ha\-e  been 
described  in  some  areas  of  the  Franciscan  but  gener- 
ally have  been  accorded  little  regional  importance. 
The  St.  John  Mountain  thrust  was  described  by 
Weaver  (1949a,  p.  137-139)  as  an  essentially  horizontal 
fault  along  which  the  Franciscan  moved  southward 
o\"er  the  Great  Valley  sequence.  According  to  the  re- 
lations shown  on  Weaver's  (1949a)  maps  and  cross 
sections,  the  total  displacement  must  be  at  least  5 
miles.  Rocks  Nounger  than  Miocene  are  not  involved 
in  the  thrusting,  and  much  of  the  trace  of  the  thrust 
has  been  covered  by  the  Sonoma  V^olcanics  of  Plio- 
cene age. 


In  the  Orchard  Peak  area,  20  miles  southeast  of 
Parkficld  and  just  east  of  the  San  Andreas  fault,  Marsh 
(I960)  described  Franciscan  rocks  and  serpentine  as 
h;ning  been  squeezed  plastically  along  the  Aido  Spring 
thrust.  This  thrust  fault,  which  is  one  of  several  gently 
dipping  imbricate  thrust  faults  in  the  Orchard  Peak 
area,  has  carried  Lower  Cretaceous(? )  strata  over 
LTpper  Cretaceous  strata,  and,  although  the  strati- 
graphic  throw  is  about  15,000  feet,  neither  the  net  slip 
nor  the  distance  that  the  Franciscan  rocks  have  trav- 
eled along  the  fault  is  known.  The  adjacent  Antelope 
N'alley  thrust  has  carried  Cretaceous  strata  over  Mio- 
cene strata  and  is  thought  to  have  a  net  slip  of  at  least 
7  miles.  Both  these  thrusts,  which  moved  from  north 
to  south  and  are  cut  by  a  system  of  right-lateral  tear 
faults.  Marsh  related  to  compression  caused  by  right- 
lateral  movement  along  the  nearby  San  Andreas  fault. 
He  concludes  that  the  thrusting  occurred  after  late 
Aliocene  and  before  late  Pliocene  or  earlv  Pleistocene 
time.  It  is  noteworthy  that  the  thrusting  in  the  Or- 
chard Peak  area  is  similar  to  that  in  the  St.  John 
Mountain  area,  about  225  miles  to  the  northwest,  and 
the  views  of  Weaver  (1949a)  and  Marsh  (1960)  re- 
garding the  age  of  thrusting  arc  compatible. 

The  workings  in  quicksilver  mines  provide  expo- 
sures that  indicate  thrusting  nia\'  be  rather  widespread 
in  the  Coast  Ranges.  The  following  examples  of  thrust 
relations  worked  out  in  the  mines  show  thrusting  from 
the  southwest  in  some  cases  and  from  northeast  in 
others.  These  directions  of  thrusting  contrast  w  ith  the 
north  to  south  thrusting  ascribed  to  the  St.  John 
Mountain  and  Aido  Spring  thrusts,  but  most,  if  not 
all,  of  the  thrusts  described  in  mine  reports  seem  com- 
patible with  regard  to  an  age  as  young  as  Tertiary. 

At  the  Rinconada  mine,  near  Santa  Margarita  in 
the  Pozo  quadrangle,  studied  by  Eckel,  Yates,  and 
Granger  (1941,  p.  567-568),  Franciscan  rocks  have 
been  thrust  to  the  northeast  at  a  low  angle  over  Upper 
Cretaceous  miogeos\nclinal  and  Tertiar\  strata.  At 
the  Vallc\'  \'iew  mine,  in  the  Panoche  Valley  quadran- 
gle, Franciscan  gra\  wacke  is  cut  b\-   imbricate  low- 
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Figure  31.     Cross  section  of  New  Idria  areo,  after  Eckel  and  Myers  (1946,  pi.  8). 
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nnylc  thrust  t\iiilts  th;it  trend  north  ;ind  dip  c;ist  (Yates 
and  Hilpert,  194.^).  .At  the  Helen  mine,  in  the  Calls- 
toga  quadrangle,  Franciscan  scdimcntar\-  rock  has 
been  thrust  noithcast  over  serpentine,  hut  at  the 
Corona  mine  in  the  same  quadrangle,  serpentine  has 
heen  thrust  northeast  over  Franciscan  sedimentary- 
rock  (\'atesand  Hilpert,  1946). 

HYPOTHESES  TO   EXPLAIN   PRESENT 

DISTRIBUTION   OF  MESOZOIC   ROCKS 

OF   THE   COAST   RANGES 

.As  is  indicated  in  the  preceding  sections,  i.lata  ac- 
cumulated in  the  last  20  years  leads  to  a  much  clearer 
understanding  of  the  present  distribution  of  the  a.ssem- 
Idagc  of  Franciscan  rocks,  the  einiidiiment  in  which 
these  rocks  formed,  and  the  relations  between  them 
anil  the  (Jreat  \'alley  sequence.  Even  so,  perplexing 
problems  arise  when  one  attempts  to  reconstruct  the 
paleogeographs  or  to  work  out  the  history  of  the 
ilepositional  and  leclonic  events  thai  have  lesultcil  in 
the  present  disirii>unon  of  these  two  coeval  assem- 
blages. 


Problems 

Some  of  the  major  problems  that  need  explanation 
arise  from  uncertainty  regarding  the  historx-  of  the 
long  block  of  crystalline  rock  lying  between  the  San 
Andreas  and  Nacimiento  faults.  For  example:  ( 1 )  Is 
the  block  of  crystalline  rock  in  appro.ximatcly  the 
same  place  it  was  when  the  i'lanciscan  and  Cireat  \'al- 
ley  sequence  were  deposited,  or  has  it  been  moved 
into  its  present  position  by  major  tectonic  dislocations 
since  the  deposition  of  the  two  asscmblagcsr  If  it  is 
allochthonous,  when  did  it  mo\c,  and  from  where  has 
it  moved'  (2)  What  kind  of  rock,  if  an\-,  was  being 
tleposited  on  this  block  in  Fate  Jurassic  oi-  F.arly  Cre- 
taceous time-  (i)  W  hv  tlo  the  latest  (Cretaceous 
miogeosv  nclinal  rocks  ]usr  east  of  granite  exposures 
in  the  crystalline  block,  but  separated  from  them  hv 
the  San  .Andreas  fault,  contain  onl\-  fine  detritus,  while 
rocks  of  similar  age  on  the  block  contain  large  granitic 
boulders?  (4)  If  the  granite  is  reall\'  of  mid-Cretacc- 
ous  age,  as  indicated  1)\'  radiometric  ages,  w  h\-  does 
the  granite  neither  intrude  nor  metamorphose  the 
okler  rocks  of  the  Franciscan  or  (Ireat  \'alle\  se- 
cjucnccr   (5)  Docs  some,  or  all,  of  the  i'lanciscan  rest 
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<in  metamorphosed  rocks  similar  to  those  exposed  in 
the  block,  or  does  the  F'ranciscan  lie  liirectly  on  a 
basaltic  substratum,  or  on  the  mantle?  (6)  Why  is  in- 
trusi\e  ultramafic  rock  so  widespread  in  the  Francis- 
can but  so  sparse  both  in  the  block  of  cr\-stailine  rocks 
and  in  the  Great  \'alley  sequence?  (7)  What  relation 
does  the  great  easterly  trending  Mendocino  escarp- 
ment have  to  the  San  Andreas  and  Nacimiento  faults, 
or  to  the  other  northwest-trending  Coast  Range  struc- 
tures- 

Ii\  en  if  the  crystalline  block  were  not  present,  there 
would  remain  other  equall\-  perplexing  problems  that 
invoh'e  neither  the  San  Andreas  fault  nor  the  granite. 
For  example:  ( 1 )  W'hv  are  the  Franciscan  and  Great 
\'alle\'  facies  in  most  areas  so  clearly  different,  and 
w  h\'  are  there  so  few  places  where  one  finds  relations 
that  might  be  considered  to  be  gradational-  (2)  \\'hy 
is  the  contact  between  the  two  major  facies  generall\- 
a  fault  or  a  serpentine  mass?  ( 3 )  Wh\-  do  we  find 
fossiliferous  strata  of  the  Great  \^allev  sequence  in  the 
Healdsburg  area  adjacent  to  younger  and  perhaps 
older  and  contemporaneous  Franciscan  eugeos\'nclinal 
rocks,  and  why  are  these  miogeos\'nclinal  strata  so 
mildlx'  deformed  as  compared  to  the  \ounger  Francis- 
can rocks  adjacent  to  them?  (4)  Why  do  we  have  a 
thick  section  of  Upper  Jurassic  and  Cretaceous  miogeo- 
s\nclinal  rocks  in  the  Diablo  Range  extending  west 
to  the  Hay  ward  fault,  \-et  onI\-  a  few  miles  west  of  the 
Ha\-ward  fault  there  are  vast  volumes  of  eugeosyn- 
clinal  Franciscan  rocks  containing  many  fossils  of  mid- 
Cretaceous  age  but  with  no  indication  of  intergrada- 
tion  between  the  two  assemblages?  (5)  Why  in  the 
area  north  of  Clear  Lake  are  the  Lower  Cretaceous 
rocks  of  the  Franciscan  apparentl\-  de\()id  of  K-feld- 
spar,  whereas  onl\'  a  fe^\■  miles  to  the  east  rocks  of 
identical  age  in  the  Cireat  \'alley  sequence  contain 
small  but  persistent  amounts  of  K-feldspar? 

These  questions  indicate  there  is  no  simple  solution 
to  the  problems  posed  by  the  present  distribution  of 
the  Franciscan  and  Great  \'alle\'  sequence,  hut  the 
recognition  of  these  problems  must  be  the  first  step 
toward  their  solution.  \'arious  suggestions  involving 
movement  along  the  San  Andreas  and  Nacimiento 
faults  have  been  presented  b\'  geologists  to  explain  tiie 
anomalous  corridor  of  nietamorphic  and  granitic  rocks 
that  cuts  through  the  Coast  Ranges  at  a  low  angle, 
but  many  of  the  other  questions  raised  ha\c  not  been 
seriousl)'  considered  because  they  were  not  recognized, 
chiefly  because  the  post-Knoxvillc  age  of  parr  of  the 
I'ranciscan  has  only  recently  been  generalK  recog- 
ni/.ed.  In  the  following  paragraphs  we  will  offer  for 
consideration  several  contrasting  ideas  of  the  dcposi- 
tional  and  tectonic  history  of  the  Franciscan,  each  of 
which  has  some  merit  in  that  it  explains  some  of  the 
problems  but  also  is  unsatisfactory  in  that  it  fails  to 
solve  them  all. 


Strike-slip  Hypothesis 

If  one  attempts  to  draw  a  series  of  paleographic 
maps  that  does  not  take  into  account  major  structural 
dislocations  during  or  since  the  deposition  of  the 
Upper  Jurassic  to  Upper  Cretaceous  rocks,  it  becomes 
obvious  that  the  present  distribution  of  these  rocks 
cannot  be  explained  adequately  b\-  simple  facies 
changes.  As  rocks  of  similar  ages  but  of  different  facies 
are  now  adjacent  to  each  other,  but  show  no  inter- 
gradation,  their  present  distribution  must  be  explained 
by  some  kind  of  tectonic  displacement.  Such  displace- 
ment may  result  from  strike-slip  faulting,  thrust  fault- 
ing either  with  or  without  later  normal  faulting,  or 
gravity  sliding  on  a  large  scale.  Owing  to  the  know  n 
presence  of  strike-slip  faults  of  large  displacement  in 
the  Coast  Ranges  (see  fig.  29),  one  is  tempted  to  tr\-  to 
explain  all  the  relations  by  strike-slip  displacement,  but, 
as  will  be  discussed,  some  aspects  of  the  present  dis- 
tribution of  rocks  seem  more  readih-  explained  by 
diagonal  rifting  or  thrust  faulting. 

The  best  known  strike-slip  fault  in  California  is  the 
active  San  Andreas  fault  along  which  there  have  been 
several  tens  of  feet  of  right-lateral  displacement  in 
historic  time  (Wallace,  1949,  p.  799)  and  along  which 
stream  canyons  have  been  similarly  displaced  a  few- 
miles  since  the  beginning  of  Quaternar\'  time.  The 
sense  and  amount  of  total  displacement,  or  when  the 
fault  originated,  is  less  well  established.  Hill  and  Dib- 
blee  (1953)  and  Hill  (1954)  have  marshalled  evidence 
to  indicate  that  movement  has  occurred  at  a  fairly 
constant  rate  since  the  intrusion  of  the  Sierra  Nevada 
batholith  (then  thought  to  be  Jurassic  but  now  be- 
lieved to  be  largely  mid-Cretaceous)  with  a  total  dis- 
placement of  about  350  miles  (fig.  32).  King  (  1959,  p. 
170-173)  has  used  a  modification  of  this  concept  to 
explain  the  distribution  of  the  Franciscan  rocks  and 
granitic  block  west  of  the  San  Andreas  fault,  but  he 
has  not  related  the  required  large  movements  to  an\ 
particular  time.  Carey  (1958,  p.  192,  336-338)  has  sug- 
gested that  the  main  branch  of  the  San  Andreas  fault 
extends  into  the  Gulf  of  California  and  that  the  block 
west  of  the  fault  is  displaced  not  only  for  hundreds 
of  miles  northward  but  also  laterall\'  in  the  southern 
part,  so  that  Baja  California  has  drifted  westward  from 
a  former  position  adjoining  the  Mexican  mainland. 
Hamilton  (1961)  has  supported  and  offered  fuithei- 
documentation  for  this  suggestion. 

To  best  visualize  the  effect  of  an  offset  of  300  miles 
or  more,  it  is  helpful  to  cut  a  geologic  map  along  the 
San  Andreas  fault  and  restore  the  pre-fault  geolog\  by 
sliding  one  part  past  the  other.  When  this  is  done  it 
is  quite  apparent  that  the  parts  will  not  fit  in  the  dis- 
placed position  unless  one  assumes  more  bending  of 
the  crust  than  seems  to  be  indicated  by  the  younger 
sedimentar\-  strata.  (Note  on  figuie  32,  a  large  area 
on  the  western  block  seems  to  ha\e  disappeared  be- 
t\\een  the  pre-Cretaceous  and  late  Miocene.)  How- 
ever, allowing  for  some  adjustment  to  achieve  a  fit,  the 
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effect  of  a  ixstoration  of  conditions  prior  to  n  displace- 
ment of  300  miles  is  to  nK)\c  the  Xacimiento-west  area 
of  Franciscan  back  to  a  supposed  original  position 
near  the  present  coast  south  of  San  Diego,  and  the 
Franciscan  rocks  now  exposed  on  Catalina  Island  and 
in  the  Palos  V'erdes  Hills  to  near  the  present  crest  of 
the  Sierra  San  Pedro  iNlartir  in  Baja  California.  This 
amount  of  movement  would  account  for  the  presence 
of  the  cr\'stalline  San  Andreas— Nacimiento  block  far 
from  its  seemingl}'  normal  position  along  the  Sierra 
Nevada  trend,  it  A\"f)uld  impro\-e  the  continuity  of  the 
quartz  diorite  line  proposed  by  Moore  (1959),  and,  if 
the  movement  is  post-Cretaceous,  it  would  explain 
why  the  Cretaceous  rocks  of  the  San  Joaquin  \'allcy 
seem  to  lack  debris  from  the  crystalline  block.  How- 
ever, despite  the  appealing  solution  offered  b\-  pos- 
tulated large  lateral  offsets,  serious  objections  to  this 
h\  pothesis  can  be  raised.  For  example,  such  large 
movements  along  the  San  Andreas  fault  seriously  dis- 
rupt the  present  striking  alignment  of  the  core  of  the 
Sierra  Xevada-Baja  California  batholith  and,  as  noted 
by  Woodford  (1960,  p.  414),  seem  to  create  more 
problems  than  the\'  solve  regarding  the  distribution  of 
pre-Franciscan  rocks  in  southern  California.  Equalls 
serious  is  the  fact  that  although  the  continental  margin 
appears  to  be  displaced  westward  along  the  .Mendocino 
escarpment,  which  seems  to  be  a  logical  northwestern 
extension  of  the  San  Andreas  fault,  this  displacement 
is  less  than  75  miles  rather  than  more  than  300  miles. 
Nonetheless,  the  evidence  set  forth  by  Noble  (1954), 
Hill  and  Dibblee  (1953),  and  Hall  ('i960)  suggests  a 
right-lateral  offset  of  about  50  miles  since  late  .Miocene 
in  the  area  near  the  southern  end  of  the  San  Joaquin 
X'alley,  and  Crowell  (  I960)  makes  a  good  case  for  a 
160-mile  combined  displacement  of  pre-Franciscan 
basement  rocks  on  the  San  .Andreas  and  San  Ciabriel 
faults  in  southern  California. 

Because  nearly  all  the  Franciscan  rocks  lie  east  of 
the  San  Andreas  fault  and  west  of  the  Nacimiento 
fault,  in  most  places  they  provide  no  direct  evidence 
for  movement  on  the  San  Andreas  fault.  However,  on 
the  San  Francisco  peninsula  there  is  a  unique  wedge  of 
Franciscan  rocks,  west  of  the  San  .Andreas  fault  and 
east  of  the  Pilarcitos  fault  (fig.  29),  which  diverges 
northwestward  from  the  San  Andreas.  Within  this 
wedge  the  Franciscan  Formation  contains  lenses  of 
the  fossiliferous  Calcra  Limestone  Member  of  mid- 
Cretaceous  (.Mbian-Turonian)  age  trending  southeast 
from  Rockaway  Beach,  on  the  coast,  to  the  \icinit\ 
of  Crystal  Springs  Fake,  which  lies  in  the  trench  of 
the  San  .Andreas  fault.  According  to  the  map  of 
Walker  (  1950),  the  limestone  on  the  east  side  of  the 
San  Andreas  fault  begins  at  a  point  about  1^"  miles 
southeast  of  where  it  reaches  the  fault  from  the  west. 
Because  of  the  presence  of  other  faults  l\-ing  cast  of 
and  parallel  to  the  San  .Andreas,  and  apparentl\  parr 
of  the  same  system,  the  1 5  miles  measured  here  is 
not  the  total  displacement  along  the  zone.  The  same 


limestone  is  systematically  offset  by  sc\'cral  other 
faults  in  a  right-lateral  sense  until  it  reaches  its 
southernmost  occurrences  in  the  San  Juan  Bautista 
ijuadrangle,  and  the  aggregate  displacement  across  the 
entire  zone  is  between  35  and  50  miles.  This  apparent 
measure  of  offset  along  the  San  .Andreas  fault  can  be 
nullified  if,  as  has  been  suggested,  the  main  movement 
occurred  along  the  Pilarcitos  fault,  and  if  this  fault 
extends  northward  beneath  the  ocean  to  rejoin  the 
San  Andreas  fault  east  of  Point  Re\"es.  This  conjecture 
would,  however,  require  a  sharper  bend  than  is  found 
clsew  here  along  the  San  .Andreas  fault.  Moreover,  ac- 
cording to  Earl  Brabb  (oral  communication,  1960), 
the  stratigraphic  column  and  geologic  histor\'  from 
Late  Cretaceous  through  the  Oligocene  is  remarkabK' 
similar,  even  in  detail,  in  areas  west  of  the  Pilarcitos 
and  east  of  the  San  Andreas  fault  in  this  area,  indicat- 
ing the  aggregate  post-Late  Cretaceous  offset  along 
both  faults  is  not  likely  to  be  hundreds  of  miles.  Hig- 
gins  (1961),  on  the  basis  of  marine  entrances  to  middle 
Pliocene  basins  across  the  fault  north  of  San  Francisco, 
estimates  the  displacement  along  the  San  .Andreas  since 
the  middle  Pliocene  has  not  exceeded  15  miles  and  may 
have  been  not  more  than  1  to  1  '2  miles. 

Thus,  it  is  apparent  that  data  can  be  cited  to  indicate 
different  amounts  of  movement  for  various  parts  of 
the  fault.  To  the  north,  the  offset  of  the  continental 
margin  on  the  .Mendocino  escarpment  suggests  a  dis- 
placement of  less  than  ~5  miles;  offset  of  Franciscan 
limestones  in  the  Ba\-  area  suggests  a  post-Franciscan 
displacement  of  50  miles  or  less;  offset  of  upper  .Mio- 
cene rocks  near  the  south  end  of  the  San  Joaquin 
X'alles'  is  about  50  miles,  and  a  total  displacement  of 
as  much  as  160  miles  or  more  may  have  occurred  in 
southern  California. 

One  might  account  for  the  relativel\-  small  offset 
along  the  San  Andreas  fault  in  the  San  Francisco  Ba\" 
area  b\  postulating  earlier  strike-slip  faulting  along 
the  trend  of  the  Hayward  fault.  This  mechanism  can 
he  used  to  explain  the  juxtaposition  of  the  coeval 
Franciscan  and  Great  \'allcy  sequence  in  the  vicinit\' 
of  the  San  Francisco  peninsula  and  the  Berkelev  Hills. 
Similarlw  the  block  of  fossiliferous  Great  \'alley  se- 
quence near  Healdsburg  may  be  a  large  sliver  caught 
up  and  dragged  along  this  fault  from  a  previous  posi- 
tion somewhere  to  the  south.  North  of  Healdsburg 
the  nature  of  the  faults  forming  the  eastern  border  of 
the  coastal  belt  rocks  has  not  been  established,  but 
perhaps  these  faults  mark  a  continuation  of  the  Hay- 
ward fault  zone  that  has  been  modified  1)\  later,  cross- 
cutting  faults. 

Oblique-rifting  Hypothesis 
A  quite  different  hypothesis,  inxoKiiig  a  combina- 
tion of  moderate  strike-slip  mo\ement  and  oblique 
rifting,  seems  to  answer  some  of  the  problems  of  dis- 
tribution while  avoiding  difficulties  inherent  in  the 
large-scale  strike-slip  mechanism.  To  develop  this 
hypothesis  we  assume  that  the  crystalline  block  be- 
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Figure   33.      Palinspastic   sketch    maps  of   California   showing    postulated  oblique  rifting   of  Sierron   basement  since   Late   Jurassic  time. 
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cween  the  San  .\ndreas  and  Nacimiento  faults  has 
drifted  laterall\'  from  a  position  adjacent  to  the  present 
central  part  of  the  Great  \'alle\%  in  much  the  same 
manner  as  has  been  postulated  for  the  separation  of 
Fiaja  California  from  the  .Mexican  mainland  (fig.  }}). 
The  San  Andreas  fault,  which  marks  the  eastern  mar- 
gin of  the  drifting  block,  has  also  shifted  its  position 
relative  to  the  mainland  through  geologic  time.  The 
San  Andreas  fault  in  its  original  position  formed  an 
arc,  beginning  on  the  west  at  its  northern  end  along 
the  path  of  the  .Mendocino  escarpment  and  proceeding 
eastward  along  the  west-northwesterly  fault  that 
abruptly  cuts  off  the  southern  end  of  the  Klamath 
.Mountains.  Then,  swinging  more  southward,  it  trended 
through  the  Great  Valley,  appro .\imatel\'  along  the 
large  magnetic  high  (Irwin  and  Bath,  1962)  that  marks 
the  west  edge  of  the  Klamath  .Mountain-Sierra  Nevada 
crystalline  rocks.  It  would  have  a  nearly  straight  path 
to  the  central  part  of  the  southern  end  of  the  Great 
\'alley  and  would  extend  onward  to  join  the  present 
position  of  the  San  Andreas  fault  to  the  south.  The 
western  margin  of  the  crystalline  block  prior  to  offset 
cannot  be  fixed  with  certainty,  but  it  has  been  sketched 
in  on  figure  33  so  that  it  extends  from  the  present 
western  margin  in  northern  California  along  a  gentle 
arc,  generally  parallel  to  the  ancestral  San  Andreas 
fault,  to  the  Newport-Inglewood  fault,  which  in 
southern  California  separates  a  pre-Franciscan  base- 
ment from  metamorphosed  Franciscan  rocks. 

The  initial  rupture  and  pulling  apart  along  this  an- 
cestral San  Andreas  fault  probably  occurred  after  the 
folding  of  the  Galice  and  .Mariposa  Formations  in 
late-  or  post-Kimmeridgian  time  and  proceeded  rapidlx 
so  that  b\'  \'alanginian  time  the  eastern  margin  of  the 
westerly  drifting  block  la\'  near  the  present  position 
of  the  Hayward  fault.  As  the  northern  end  of  the 
cr\stalline  block  is  arcuate,  this  movement  would 
result  in  the  opening  of  a  marine  trough  extending 
from  near  Eureka  to  the  southern  end  of  the  San  Joa- 
quin X'alley;  south  of  this  point,  a  right-lateral  offset 
of  some  75  miles  along  the  San  .\ndreas  fault  would 
be  required.  The  drifting  away  of  a  crustal  block 
provides  a  site  of  deposition  for  Franciscan  rocks  of 
pre-Knoxville  age,  and  if  the  crustal  block  slid  at  the 
surface  of  the  basaltic  substratum,  the  Franciscan  in 
this  area  was  deposited  directly  upon  this  surface.  .As 
this  trough  filled  with  sediments  derived  from  the 
erosion  of  the  metamorphic  rocks  to  the  east,  accom- 
[v.inied  locall\'  by  submarine  volcanic  accumulations, 
it  would  shoal  from  the  narrow  southern  end  and 
from  the  east.  By  Knoxville  (Tithonian)  time,  miogeo- 
s\nclinal  sediments  were  being  deposited  chiefl\-  in 
the  area  cast  of  a  line  drawn  from  near  San  Luis 
Obispo  to  a  point  near  the  middle  of  the  Paskenta 
(juadrangle,  but  in  the  earliest  part  of  this  period,  \<)1- 
canism  accompanied  Knoxville  sedimentation  in  local 
areas;  west  of  this  boundary  in  northern  California, 
Franciscan  sediments  were  being  deposited.  Owing  to 
the  subsequent  uplift  and  accompanying  erosion  of  the 


block  between  the  San  .\ndreas  and  Xacimiento  faults, 
no  known  Tithonian  sediments  remain  on  this  block, 
though  the\'  ma\-  once  have  been  present.  In  \'alan- 
ginian  time  similar  conditions  existed  except  that  strata 
of  the  Great  \'alley  sequence  were  deposited  on  the 
eroded  Klamath  Mountains  block. 

Prior  to  .Albian  time  the  drifting  block  seems  to  have 
again  shifted  w  estw  ard,  nearl\'  to  its  present  position, 
pro\iding  a  second  trough  that  extended  from  the  San 
Francisco  area  northward.  In  this  trough  the  mid- 
Cretaceous  Franciscan  rocks  were  deposited.  The  west- 
ern limit  of  the  Great  \'allev  sequence  continued  to 
shift  westward  in  northern  California,  but  in  the 
Diablo  Range  we  find  Albian  miogeos\nclinal  rocks 
onl\'  north  of  the  latitude  of  .Mount  Hamilton  and 
sf)uth  of  New  Idria.  The  intervening  area  may  have 
been  the  source  for  the  San  Francisco  Bay  area  mid- 
Cretaceous  Franciscan  rocks,  which  have  an  unusually 
sparse  K-feldspar  content  as  compared  to  coeval  strata 
of  the  Great  \'alle\-  sequence. 

From  Cenomanian  to  late  Campanian,  conditions 
seem  to  have  been  relatively  stable.  The  Franciscan 
trough  on  the  San  Francisco  peninsula  ma%-  have 
shoaled,  as  is  indicated  by  the  presence  of  oolitic  lime- 
stone, but  volcanic  activity  persisted.  In  the  northern 
Coast  Ranges  volcanic  activity'  subsided  greath,  and 
shoaling  of  the  area  led  to  the  deposition  of  the  rocks 
of  the  "coastal  belt"  with  sedimentary  characters 
somewhat  intermediate  between  the  typical  Franciscan 
and  Great  Valley  sequence.  Also  during  this  interval 
granitic  rocks  were  formed  in  the  Sierra  Nevada  and 
in  the  displaced  Coast  Range  block. 

Subsequent  to  the  Campanian,  no  eugeos\'nclinal 
rocks  were  deposited,  but  the  crystalline  block  be- 
tween the  San  .\ndreas  and  Nacimiento  faults  was  up- 
lifted and  stripped  of  all  pre-.Maestrichtian  sediments 
that  may  ha\'e  been  deposited  on  it.  .Miogeos\nclinal 
rocks  w  ere  then  deposited  directl\"  on  the  eroded  sur- 
face of  this  cr\  stalline  block  and  on  areas  both  east 
and  west  of  it.  With  the  uplift  of  the  crystalline  block 
there  probably  was  some  additional  right-lateral  offset 
along  the  San  Andreas  fault,  but  this  has  not  been 
established.  Subsequent  to  the  middle  .Miocene  an  ac- 
cumulated offset  of  about  50  miles  seems  to  be  fairh' 
well  established  for  the  southern  half  of  the  fault,  but 
perhaps  an  appreciable  part  of  this  movement  in  north- 
ern California  took  place  along  the  Hayward  or  other 
branching  faults. 

The  geologic  histors'  of  the  block  west  of  the  Na- 
cimiento fault  has  scarcely  been  touched  upon  in  this 
discussion,  chiefly  because  so  little  is  known  about  the 
ages  of  the  Franciscan  and  Great  \'alle>"  sequence  in 
it.  Fhe  Franciscan  of  this  area  ma\-  well  have  been 
deposited  in  a  wedge-shaped  trough  formed  by  a 
southward  lateral  shift  of  part  of  the  crustal  block, 
but,  if  so.  wc  cannot  establish  w  hen  this  rupture  took 
place. 

This  hypothesis  involving  both  lateral  drifting  and 
strike-slip  movement  appears  to  account  for  the  un- 
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usiKil  dcxelopnicnt  of  ;i  eiigeos\  nclinc  between  an  ofF- 
shoie  er\  stalline  mass  and  a  continental  Moek.  for  the 
apparent  lack  of  normal  sedimentary  or  crystalline 
basement  beneath  the  Franciscan,  for  the  \arious  ayes 
represented  by  the  Franciscan,  and  for  most  of  the 
relations  now  existing  between  the  eugeosynclinal 
Franciscan  and  coeval  miogeosynclinal  Great  Valley 
sequence.  This  hypothesis  also  explains  how  the  San 
Andreas  fault  can  have  a  different  offset  at  different 
points  along  it  and,  perhaps,  how  this  fault  originated 
and  how  it  is  related  to  the  great  submarine  .Mendo- 
cino escarpment.  The  path  of  initial  rupture  would 
extend  along  the  crest  of  the  East  Pacific  Rise  of 
.Menard  (1960),  and  one  might  attribute  the  westward 
movement  of  the  block  to  its  sliding  ofT  of  the  Rise. 
This  oblique-rifting  hypothesis,  however,  does  not  ex- 
plain the  occurrence  in  the  northern  Coast  Ranges  of 
Lpper  Jurassic  and  Lower  Cretaceous  Franciscan 
gra\wackes  with  no  K-feldspar  just  west  of  the  ser- 
pentine belt  and  coeval  graywacke  with  K-feldspar  in 
the  Great  \'alle\-  sequence  just  east  of  the  serpentine 
belt;  nor  does  it  explain  why  transitions  from  one 
facies  to  the  other  seem  to  be  so  abrupt. 

Thrust-faulting  Hypothesis 

.An  alternatixe  or  modifying  h\pothesis,  involving 
thrusting  or  gravity  sliding  along  some  of  the  serpen- 
tine masses,  would  aid  in  explaining  some  relations  that 
cannot  be  accounted  for  by  mo\ements  on  the  major 
steep  faults.  .-Although  no  large-scale  overriding  of  the 
Franciscan  b\'  rocks  of  the  Great  Valley  .sequence  can 
be  proven  by  the  available  data,  there  are  so  many 
factors  suggesting  the  possibility  that  it  should  be  seri- 
ousl\-  considered.  Two  principal  factors  suggestive  of 
the  possibility  of  large-scale  thrusting  or  gravit\-  slid- 
ing are:  (  1)  the  common  occurrence  of  .serpentine  as 
an  intervening  sheet  beneath  the  Great  \'alley  se- 
(juence  but  above  the  Franciscan,  and  (2)  the  juxta- 
position of  coe\'al  rocks  of  different  facies  and  tectonic 
style. 

.Most  of  the  serpentine  masses  of  western  California 
are  in  areas  containing  the  eugeosxnclinal  assemblage 
of  Franciscan  rocks,  but  such  ma.sses  are  not  uniforml\ 
tiistributed  in  these  areas  as  a  disproportionate  number 


are  along,  or  in  some  cases  only  near,  contacts  between 
the  P^ranciscan  and  strata  of  the  Great  Valley  se- 
quence. This  spatial  relation  suggests  that,  particularly 
in  northern  California,  much  of  the  serpentine  once  was 
a  part  of  a  continuous  subhorizontal  sheet  of  serpentine 
lying  beneath  the  Great  \'alle\'  sequence.  The  most 
continuous  exposure  of  this  sheet  is  where  serpentine 
crops  out  as  a  belt  along  the  west  side  of  the  northern 
( 1  leat  \"alle\  ;  for  a  length  of  ai)out  70  miles  the  ser- 
pentine generall\-  separates  the  Franciscan  to  the  w  est 
from  the  Cireat  \'alle\-  sequence  to  the  east  (pi.  1  ). 
Along  the  southern  extension  of  this  belt,  from  the 
\\  ilbui"  Springs  quadrangle  ncarh'  to  the  San  Francisco 
ISay  area,  almost  contiguous  liodies  of  serpentine  that 
likelx'  are  tlislcjcated  segments  of  the  same  mass  have 
similar  structural  relations.  A  few  miles  north  of  the 
Ha\-  area  the  general  trend  of  the  discontinuous  expo- 
sures of  serpentine  swings  to  the  west  forming  a  map 
pattern  that  seems  to  result  from  the  broad,  south- 
ensterl)-  plunging  ff)ki  w  e  ha\  e  termed  the  Diablo  anti- 
form.  The  present  somewhat  discontinuous  character 
of  the  serpentine  bodies  here,  and  the  patchy  exposure 
of  the  o\erlying  strata  of  the  Great  \'alle\'  assemblage 
in  the  brfiad  crest  of  the  Diablo  antiform,  is  attributed 
to  folding,  to  renewed  flow  age  into  secondary  struc- 
tures, and  to  \  ounger  steep  iioi'thw  est-trending  faults 
superimposed  on  the  antiform.  l-"arther  south  along 
the  antiform.  in  the  l)iai)lo  Range,  serpentine  accom- 
panies the  other  f  I'anciscan  rocks  in  piercements 
pushed  up  through  the  sti-ata  of  the  Great  \'alle\- 
sequence. 

The  ideali/etl  xeiricil  section  (fig.  .H)  through 
Lower  Lak-e  and  .Morgan  \'alle\  quadrangles  shows 
the  foregoing  relations.  Here  the  general  continuit\' 
of  the  o\erlying  strata  of  the  Cireat  X'alley  sequence 
across  a  major  portion  of  the  Coast  Ranges  is  evident, 
and  an  e\en  greater  former  continuitv  is  suggested 
when  one  relates  these  strata  to  outliers  of  the  Great 
\'alle\  seiiuence  that  lie  e\en  farther  southwest  (fig. 
>^).  Fhe  strata  of  the  (ireat  \'alle\-  sequence  seem- 
ingl\  are  separated  from  the  underhing  Franciscan 
rocks  bv  a  sheet  of  serpentine  that  is  a  deformed 
but  essentially  subhorizontal  westwarti  extension  of  the 
more  steepl\  dipping  mass  of  serpentine  that  crops  out 


LOWER  LAKE  QUADRANGLE 


MORGAN  VALLEY  QUADRANGLE 

8    Ml LES 


VERTICAL    AND    HORIZONTAL    SCALE 


Figure   34.      Idealized    vertical    section    across    parts    of    Lower    lake    and    Morgan    Valley    quadrongles.    Geology    based    on    maps    by    Brice    il953) 
3nd    lowton    (1956),   and    not   adjusted    for   topography. 
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in  the  .saiiie  structural  or  stratigraphic  position  for  a 
great  distance  along  the  west  side  of  the  Sacramento 
\'al!ey.  in  the  eastern  part  of  the  Coast  Ranges,  along 
the  line  of  sections  (figs.  .34  and  3.'i),  the  serpentine 
mass  seems  fairly  continuous,  but  in  the  \\  estern  part, 
in  the  vicinity  of  the  Dry  Creek  and  Ward  Creek  sec- 
tions (fig.  35)  the  serpentine  occurs  between  the  two 
assemblages  only  in  a  few  places. 

An  eastern  root  zone  for  the  serpentine  sheet  is  in- 
dicated by  the  large  size  and  continuit\'  of  the  ser- 
pentine bod\-  along  the  east  limb  of  the  Diablo  anti- 
form,  and  b>-  large  magnetic  anomalies.  A  large 
magnetic  high  coincides  with  the  serpentine  e.vposed 
along  the  east  limb  of  the  Diablo  antiform  (Irwin  and 
Bath,  1962),  but  this  anomaly  is  paralleled  by  an  even 
greater  magnetic  high  that  follows  the  central  part  of 
the  Great  \'alley  (fig.  29).  The  Great  \'alle\'  anomal\- 
seems  to  indicate  the  presence  of  a  large  ultramafic 
body  buried  at  a  depth  of  5  miles  or  more,  and  the 
serpentine  belt  along  the  east  limb  of  the  Diablo  anti- 
form  could  well  be  the  exposed  westward  extension 
of  such  a  bod\'. 

If  the  concept  of  the  sheetlike  occurrence  of  the 
serpentine  between  the  miogeosynclinal  strata  and 
Franciscan  is  correct,  the  "sedimentary  serpentine" 
found  in  Wilbur  Springs  and  other  areas  may  be  a 
part  of  this  sheet  extruded  through  a  rupture  in  the 
Knoxville  strata  onto  the  sea  floor  in  Early  Cretaceois 
time.  This  kind  of  origin  is  in  contrast  to  the  lan^'^liJe 
origin  postulated  by  some,  which  requires  the  exist- 
ence of  large  topographic  highs  of  serpentine  adjacent 
to  an  area  in  which  dominantly  clay  shales  were  be:ng 
deposited  (Taliaferro,  1943a,  p.  207). 

The  second  factor  suggesting  thrust  faulting,  thit  of 
juxtaposition  of  coeval  rocks  of  different  facies  and 
tectonic  st>'le,  includes  two  situations— where  the  rocks 
arc  one  above  the  other,  and  where  the\-  are  mereh' 
adjacent.  Where  rocks  of  the  Great  Vailc\-  sequence 
overlie  the  Franciscan,  it  would  be  reasonable  to  as- 
sume that  they  owe  their  position  to  thrusting  if  the 
underlying    Franciscan    rocks    are    the    younger.    A\- 


th(jugh  some  Franciscan  rocks  are  established  paleon- 
tologically  as  Late  Jurassic  to  Late  Cretaceous  in  age, 
the  age  of  the  Franciscan  rocks  that  actually  lie  below 
strata  of  the  Great  \'alle\-  sequence  is  not  known. 
Thus,  the  superposition  of  the  Great  \'alley  sequence 
on  the  Franciscan  cannot  be  view  ed  as  an  indication  of 
large-scale  thrusting  or  gravit\-  sliding  unless  the  age  of 
the  Franciscan  at  that  specific  locality  is  established 
paleonto!ogicall\-  as  equivalent  or  younger  than  the 
o\erlying  strata.  On  the  other  hand,  the  juxtaposition 
of  the  Dry  Creek  and  Ward  Creek  sections  of  Upper 
Jurassic  and  Lower  Cretaceous  miogeosynclinal  strata 
adjacent  to  younger,  and  perhaps  also  older,  Franciscan 
rocks  can  be  conveniently'  explained  by  thrusting  (see 
fig.  35).  These  juxtaposed  assemblages  were  derived 
from  different  sources  and  deposited  in  different  en- 
\'ironments,  as  is  indicated  b\-  their  contrasting  content 
of  K-feldspar  and  by  their  lithology;  that  the\-  also 
ha\e  a  different  geologic  history  is  indicated  bv  the 
fact  that  the  strata  of  the  Ward  Creek  and  Dry  Creek 
sections  are  much  less  folded  and  faulted  than  the 
adjacent  younger  Franciscan  rocks.  Clearly  the  two 
facies  have  been  brought  together  tectonically,  but 
whether  this  was  done  by  thrust  faulting,  gravit\' 
sliding,  or  strike-slip  faulting  is  not  yet  clear. 

In  summary,  the  gross  contemporaneity  of  the  Fran- 
ciscan and  the  Great  \'alley  sequence,  and  the  general 
separation  of  the  two  facies  by  serpentine  over  broad 
areas,  make  attractive  a  working  h\pothesis  of  low- 
angle  dislocation  of  great  magnitude.  Perhaps  some  of 
the  enormously  thick  Lpper  Jurassic  and  Lower  Cre- 
taceous part  of  the  Great  \'alle\'  sequence  glided  west- 
ward off  an  ancient  continental  shelf  and  slope  now- 
occupied  b\-  the  eastern  part  of  the  Great  \'alle\"  and 
western  part  of  the  Sierra  Nevada  as  an  essentially 
cohesive  and  little-deformed  mass.  The  ease  of  move- 
ment across  the  bordering  Franciscan  may  have  been 
enhanced  by  synchronous  extrusion  of  serpentine 
along  the  edge  of  the  continental  mass.  Or,  alter- 
natively, the  Franciscan  rocks  may  have  been  carried 
eastward  beneath  the  Great  \'alle\'  sequence  by  east- 
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\\;ird-mii\ing  subcriistal  currents  tli;ir  plunyx'  under  tlic 
continental  crust.  The  ramitications  of  the  thrust  hy- 
pothesis are  many,  and  one  interesting  aspect  is  with 
regard  to  the  distribution  of  some  of  the  metamorphic 
rocks   of  the   Franciscan.     I  he    thrusting   might   have 
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